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William  Victor  McLevlge,  Ph.D. 
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Department  of  Electrical  Engineering 
University  of  Illinois  at  Urbana -Champaign,  1978 

Differential  resistivity  and  Hall  effect  measurements, 
secondary  ion  mass  spectrometry  (SIMS),  and  low  temperature  (5°K)  photo- 
luminescence are  utilized  to  study  the  annealing  behavior  of  ion-implanted 
beryllium  in  GaAs  and  GaAs^  , and  of  beryllium  incorporated  in  GaAs 

during  growth  by  molecular  beam  epitaxy  (MBE). 

For  low  fluence  implants  in  GaAs,  an  electrical  activation 

of  90-1007.  and  no  significant  diffusion  is  observed  for  annealing  at 

900°C  with  Si^N^  encapsulation.  However,  higher  fluences  result  in  a 

substantial  redistribution  of  the  implanted  Be  during  the  anneal, 

including  outdiffusion  into  the  encapsulant  for  Be  surface  concentrations 
18  *3 

above  ~ 1 x 10  cm  . Excellent  agreement  between  the  electrical  and 
atomic  profiles  indicates  that  85-1007.  of  the  Be  remaining  after 
annealing  is  electrically  active.  Implants  into  heated  substrates  and 
two-step  anneals  fail  to  significantly  affect  the  diffusion  of  implanted 
Be  in  GaAs,  indicating  the  diffusion  is  not  a simple  damage-related 
phenomenon,  but  instead  involves  a complex  combination  of  defect  and 
concentration-dependent  effects.  "the  diffusion  coefficient  of  implanted 
Be  in  GaAs  at  900°C  is  estimated  to  be  approximately  two  orders  of 
magnitude  smaller  than  that  reported  for  Zn  diffusion  in  GaAs. 


The  annealing  behavior  of  Be-implanted  GaAs^  ftP^  ^ is  similar 
to  that  for  Be-implanted  GaAs . However,  greater  dependences  of  the 
electrical  activation  and  diffusion  on  temperature,  defects,  and 


surface-related  effects  are  observed  In  the  ternary.  The  low  temperature 

(600-700°C)  electrical  activation  of  implanted  Be  in  GaAs,,  , P,  . is 

U .0  U .4 

substantially  less  than  that  in  GaAs , and  significant  redistribution 
effects  occur  in  the  ternary  alloy  during  900°C  annealing  even  for  low 
fluence  Be  Implants. 

Substantial  differences  are  observed  between  the  annealing 

properties  of  Be-iraplanted  GaAs  and  material  doped  with  Be  during  MBE 

19  -3 

growth.  Net  acceptor  concentrations  of  ~ 3.5  x 10  cm  are  obtainable 

in  Be-doped  MBE  GaAs  even  after  a 900°C,  1/2  hr  anneal.  Such  a doping 

level  is  nearly  one  order  of  magnitude  higher  than  can  be  achieved  with 

Be  implantation  and  similar  annealing.  The  900°C  Be  diffusion  coefficient 

in  Be-doped  MBE  GaAs  is  two  orders  of  magnitude  lower  than  that  observed 

19  -3 

for  implanted  Be  of  equal  concentration  (2-3  x 10  cm  ).  Only  a slight 
concentration-dependence  is  observed  in  the  diffusion  of  Be  introduced 
during  MBE -growth  of  GaAs,  in  contrast  to  an  approximately  square- law 
concentration  dependence  for  the  diffusion  coefficient  of  implanted  Be. 
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1.  INTRODUCTION 

Considerable  interest  in  the  use  of  the  beryllium  acceptor  in 
III-V  compounds  has  been  generated  by  recent  studies  of  the  high  electrical 
and  optical  activity  exhibited  bv  Be-implanted  GaAs  and  GaAs,.  ,P-  . [1-9]. 
Because  of  difficulties  associated  with  the  rapid  diffusion  of  Zn  [10,11], 
the  conventional  p-type  dopant  in  GaAs  and  GaAs ^ xpx>  ®uch  attention  has 
been  focused  on  Be  implantation  for  device  applications  requiring  precise 
doping  control.  It  has  been  found  that  extremely  low  leakage  currents, 
high  breakdown  voltages,  and  greatly  reduced  lateral  diffusion  are  obtain- 
able in  planar  Be-implanted  GaAs  and  GaAs„  P . p-n  junctions  [4,11,12]. 
High  quality  optical  waveguides  [13],  varactors  [14],  detectors  [15], 

FETs  [16],  and  light-emitting  diodes  [17]  have  been  fabricated  in  various 
III-V  compounds  by  Be  implantation. 

Although  these  successes  are  very  encouraging,  ion  implantation 
has  certain  associated  complications  which  must  be  thoroughly  studied  and 
understood  if  Its  full  potential  as  a doping  technique  is  to  be  realized. 
Substantial  lattice  damage  is  created  during  the  implantation  process, 
especially  for  high  dose  implants.  To  reorder  the  crystal  lattice  and  to 
activate  the  implanted  impurity,  a high  temperature  annealing  process  must 
be  carried  out.  The  implanted  impurity  must  become  substitutional  on  the 
correct  lattice  site  in  order  to  be  electrically  and  optically  active. 
Significant  diffusion  of  the  implanted  impurity  may  take  place  during  the 
anneal.  Although  not  necessarily  undesirable,  such  redistribution  effects 
must  be  well  understood  in  order  to  fabricate  devices  having  specific  doping 


profiles. 
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Although  the  annealing  procedure  is  relatively  straightforward  for 
Si,  considerable  problems  are  encountered  in  the  III-V  compounds  because  of 
dissociation  of  the  constituents.  In  the  case  of  GaAs,  surface  decomposi- 
tion can  be  severe  at  temperatures  as  low  as  600°C  [18].  It  is  therefore 
necessary  to  protect  the  surface  with  a suitable  encapsulant  such  as  chemi- 
cal-vapor (CVD)  or  rf-plasma  deposited  or  sputtered  Si^N^  [19-20],  or  to 
perform  the  anneal  in  a carefully  controlled  ambient  [21].  Various  other 
encapsulants  have  been  investigated,  including  SiO^  [22]  and  AIN  [23].  In 
this  work,  rf-plasma  deposited  Si^N^  has  been  used  because  it  has  been 
found  to  be  a better  mask  against  Ga  outdif fusion  than  CVD  Si0?  [20,24]. 

Since  Be  is  a very  light  ion,  it  is  ideally  suited  for  fairly  deep 
implantation,  with  less  lattice  damage  than  is  typical  of  a heavier  ion. 
Although  Be  has  been  diffused  into  GaAs  from  a source  evaporated  onto  the 
surface  [25],  implantation  is  a much  more  controllable  process.  Previous 
photoluminescence  [2,3,5]  and  electrical  [8]  measurements  of  implanted  Be 
have  shown  that  this  impurity  is  a shallow  acceptor  with  an  ionization 
energy  of  28.4  meV  in  GaAs  and  35+3  meV  in  GaAs.  ,P. 

Some  disagreement  has  appeared  in  the  literature  regarding  the 
optimum  annealing  conditions  necessary  to  achieve  proper  lattice  restruc- 
turing and  electrical  activation  of  the  implanted  Be.  Early  work  in  Be- 
implanted  GaAs  by  Hunsperger  et  al.  [1]  and  more  recent  studies  by 
Ziilch  et^  al.  [26]  have  indicated  maximum  electrical  activation  occurs  at 
annealing  temperatures  of  600-700°C.  These  findings  were  in  conflict  with 
those  of  Chatterjee  et  al.  [7,27],  who  found  a continuous  increase  in  the 
electrical  activation  of  Be-implanted  GaAs  in  annealing  from  600  to  900°C, 
along  with  a striking  increase  in  the  optical  activation  of  the  implanted 
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Be  as  seen  in  low  temperature  (6°K)  photoluminescence  [2], 

In  this  work,  a thorough  study  of  the  electrical  and  optical 
activation  and  the  annealing  behavior  of  implanted  Be  in  GaAs  and  GaAs..  ,Pn  . 
has  been  carried  out,  to  rssoivs  ths  conflicts  msntionsd  abovs  and  to  gain  a 
better  understanding  of  the  annealing  and  diffusion  properties  of  implanted 
Be  in  these  materials.  Low  temperature  (5°K)  photoluminescence  was  employed 
to  study  the  optical  activation  of  implanted  Be  and  residual  damage  not  evi- 
dent in  electrical  properties.  Profiles  of  the  electrically  active  carrier 
distribution  were  obtained  by  performing  differential  resistivity  and  Hall 
effect  measurements  in  conjunction  with  chemical  etching  for  removal  of 
successive  layers.  Secondary  ion  mass  spectrometry  (SIMS)  was  used  to 
determine  the  Be  atomic  distribution.  SIMS  Be  atomic  profiles  were  compared 
with  the  net  acceptor  distributions  found  from  electrical  measurements  for 
a wide  range  of  implant  doses  and  anneal  temperatures  and  times. 

Beryllium  has  also  been  investigated  [28]  as  a possible  p-type 
dopant  in  molecular  beam  epitaxial  (MBE)  growth  of  III-V  compounds.  MBE  [29] 
is  an  epitaxial  growth  technique  involving  the  simultaneous  deposition  of 
one  or  more  thermal  molecular  beams  on  a crystalline  surface  under  ultra- 
high  vacuum  conditions.  Device  quality  single-crystals  with  precisely  con- 
trolled dimensions  can  be  grown,  and  the  fabrication  of  electronic  devices 
with  ultra-thin  planar  structures  such  as  superlattices  [30],  microwave 
oscillators  [31],  and  double-heteroj unction  lasers  [32]  has  been  demonstrated 
with  MBE.  However,  because  of  high  vapor  pressures  and  very  low  sticking 
coefficients  (<  10  ^) , elements  such  as  Zn  [33],  Cd  [33],  and  Mg  [34]  are 

difficult,  if  not  impossible,  to  use  in  conventional  MBE  systems.  Although 

-2 

a substantially  higher  sticking  coefficient  (3  x 10  ) has  been  reported  in 


GaAs  for  ionized  Zn  [35],  recent  work  by  Ilegems  [28]  indicates  Be  may 

become  the  preferred  acceptor  in  MBE  growth  of  III-V  compounds.  Be  was 

found  to  have  a unity  sticking  coefficient  in  GaAs,  and  p-type  doping  levels 
19  -3 

of  up  to  5 x 10  cm  were  obtained.  Electrical  profiles  determined  by  the 

differential  capacitance  technique  established  a very  low  diffusion  coef- 

-15  2 

ficient  for  Be  in  GaAs  of  £10  cm  /sec  at  800°C  for  Be  concentrations 

,n17  -3 

near  10  cm 

Part  of  the  present  work,  done  in  collaboration  with  M.  Ilegems 
of  Bell  Laboratories,  includes  differential  resistivity  and  Hall  effect 
measurements  and  SIMS,  employed  to  obtain  electrical  carrier  and  atomic 
distribution  profiles  and  study  the  properties  of  MBE  GaAs  doped  with  high 
Be  concentrations  during  growth.  The  annealing  behavior  of  Be-doped  MBE 
GaAs  is  compared  with  that  of  Be-implanted  vapor  phase  epitaxial  (VPE) 
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2.  EXPERIMENTAL  PROCEDURES 


2.1.  Implantation 

Ion  Implantation  Is  now  a standard  technique  of  doping  semi- 
conductors, and  has  been  extensively  reviewed  in  the  literature  | 3b- 181. 
Briefly,  the  Implantation  process  consists  of  forming  a plasma  containing 
tons  ot  the  desired  Impurity,  accelerating  the  ions  to  a high  energy, 
selecting  the  desired  ions  by  mass  separation,  and  directing  them  uniformly 
onto  a substrate.  A schematic  diagram  of  the  100  keV  Accelerators,  Inc. 
300-MP  ion  implanter  used  In  this  work  is  shown  in  Fig. 2.1.  Be  implanta- 
tions were  performed  bv  utilizing  a cold  cathode  source  with  a Bo  exit 
canal  which  was  sputtered  during  a BF  ( discharge  to  generate  Be  Ions. 

Typical  scanned  Be  currents  obtained  were  1.2  - l.*>  uA.  To  avoid  channeling 
effects,  all  substrates  were  tilted  7*  from  the  Incident  Ion  beam. 

A theory  describing  the  nuclear  and  electronic  stopping  processes 
that  occur  during  implantation  has  been  developed  by  l.lndhard,  Scharff, 
and  Schlott  (l.SS)  [1*1-401.  This  theory  predicts  the  implanted  impurity 
distribution  N(x)  can  be  approximated  by  a Cans si an  of  the  form 


i 


N(x) 


4000  Nn 


exp 


-ix-y: 

^ •V 


(2 . l> 


where  (s  the  projected  ion  range  (microns  1 , AR^,  Is  the  projected  standard 
deviation  (microns) , H-j  Is  the  total  Ion  fluence  (lons/cm‘l,  and  N(xl  is  the 
Implanted  Impurltv  concentration  (atoms/cm  1 as  a function  of  depth  x (mic- 
rons). A computer  program  [41 1 has  been  used  to  perform  the  l.SS  calcula- 
tions, and  values  of  the  projected  range,  standard  deviation,  and  stopping 

powers  tor  Be  ions  in  OaAs  and  OaAs . 1' , tor  various  Implantation  energies 

l) . 0*4 


are  tabulated  in  Appendix  1. 
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2.2.  Encapsulation  and  Annealing 

It  has  been  verified  by  several  workers  [19,20,24]  that  Si^N, 
encapsulation  is  a reliable  technique  for  annealing  of  implanted  GaAs. 

The  Si^N^  films  used  in  this  work  were  obtained  by  an  rf-plasma  deposition 
process  [42,43],  for  which  a schematic  diagram  is  shown  in  Fig.  2.2.  The 
sample  chamber  is  diffusion  pumped  (3  x 10  ^ torr)  prior  to  deposition  to 
prevent  oxygen  contamination.  In  an  earlier  version  of  the  system  the  mass 
flowmeters  were  not  present  and  the  gas  flow  rates  were  set  by  monitoring 
the  pressure  in  the  sample  chamber.  The  pressure  was  first  stabilized  at 
125  microns  with  22  SiH^  in  Ar,  and  then  brought  up  to  400  microns  with 
N,,.  In  the  present  system  the  flow  rates  are  11  standard  cubic  centi- 
meters per  minute  (seem)  of  2%  SiH^  in  Ar  and  50  seem  of  . To  deposit 
Si^N^,  the  flow  rates  are  set,  the  sample  is  quickly  (<  10  sec)  brought  up 
to  450°C,  and  the  plasma  is  initiated.  Deposition  time  was  - 15  min  for  the 
- 1000  X films  typically  utilized.  Although  nearly  all  of  the  Si^N^  films 
used  in  this  work  were  deposited  at  450°C,  excellent  films  have  also  been 
obtained  with  deposition  temperatures  as  low  as  300°C.  No  resulting  dif- 
ferences in  the  electrical  characteristics  of  the  implanted  layers  after 
annealing  were  observed  for  the  lower  Si^N^  deposition  temperatures. 

The  cleanliness  of  the  sample  surface  was  found  to  be  critically 
important  in  ensuring  proper  adherence  of  the  Si^N^  films.  The  procedure 
which  gave  best  results  involved  ultrasonic  cleaning  in  solvents,  followed 
by  an  HC1  rinse,  and  finally  letting  the  sample  grow  a thin  native  oxide 
in  deionized  water  for  - 5 min  prior  to  deposition.  A Si.^N^  layer  was 
deposited  on  both  sides  of  all  samples  before  annealing. 


The  anneals  for  this  study  were  performed  in  an  18"  TransTemp 
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furnace  with  flowing  forming  gas  (4%  H.,  in  N,).  The  sample  temperature 
was  monitored  by  using  a chromel-alumel  thermocouple  and  a Fluke  2100A 
digital  thermometer. 

2.3.  Photoluminescence 

Low  temperature  photoluminescence  is  an  extremely  sensitive 

research  tool  for  examining  radiative  processes  in  GaAs  and  GaAs.  P . The 

1-x  x 

technique  involves  the  generation  of  electron-hole  pairs  near  the  sample 
surface  by  the  absorption  of  photons  with  energy  greater  than  the  bandgap 
of  the  material.  The  resulting  excess  carriers  diffuse  away  from  the  sur- 
face and  recombine  by  various  characteristic  radiative  and  non-radiative 
processes.  The  energy  and  intensity  of  the  emitted  luminescence  gives 
information  regarding  the  nature  and  extent  of  impurities  and  defects 
present  in  the  crystal.  Photoluminescence  is  an  especially  good  technique 
for  studying  the  annealing  of  implanted  layers,  because  it  can  be  used  to 
monitor  impurity  substitution  and  lattice  reordering.  An  excellent 
discussion  of  the  theoretical  and  experimental  aspects  of  photoluminescence , 
including  a review  of  previous  studies  in  GaAs,  has  been  presented  by  Bebb 
and  Williams  [44,45]. 

A schematic  diagram  of  the  front-face  photoluminescence  apparatus 
utilized  in  this  study  is  shown  in  Fig.  2.3.  The  photoluminescence  in  GaAs 
was  excited  by  the  focused  20  mW  5145  X line  from  a Coherent  Radiation 
Model  52G  Argon-Krvpton  laser.  The  4880  X line  was  used  for  GaAs..  P.  , . 

U . 0 U . H 

Samples  for  these  measurements  were  compressed  into  indium-wetted  copper 
heat  sinks  [46]  and  were  held  at  - 5°K  in  a Janls  "Super  Varitemp"  gas- 
exchange  type  liquid  helium  cryostat.  The  temperature  was  monitored  by 


a calibrated  Ge  resistance  thermometer.  Spectra  were  recorded  using  a 
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Jarrel-Ash  1/2  meter  scanning  spectrometer  and  an  RCA  C31034  CaAs  photo- 
cathode . 

2.4.  Electrical  Profiling 

A common  method  of  profiling  Implanted  or  diffused  layers  In 
semiconductors  Is  the  use  of  chemical  etching  or  anodic  oxidation  and 
stripping  of  successive  layers  in  conjunction  with  differential  resistivity 
and  Hall  effect  measurements  [47-50].  In  this  work  a versatile  system  [51] 
in  which  each  step  of  the  profiling  process  can  be  accomplished  without 
removing  the  sample  from  its  mounting,  involving  photolithographic  techniques, 
or  soldering  the  electrical  contacts,  has  been  implemented.  Hall  effect 
data  is  obtained  through  the  use  of  the  double  ac  method  [52-55],  which  has 
the  advantage  of  greater  sensitivity  and  signal-to-noise  ratio  compared 
with  conventional  methods.  Hall  measurements  using  the  do  technique  are 
hampered  with  various  thermoelectric  and  misalignment  effects  which  must 
be  averaged  out  by  permutation  of  field  and  current.  With  the  double  ac 
method  this  averaging  Is  accomplished  automatically,  so  that  only  a single 
measurement  of  the  Hall  voltage  is  necessary.  This  greatly  facilitates 
the  profiling  of  Implanted  layers  in  semiconductors.  In  which  many  successive 
Hall  effect  measurements  must  be  made.  Since  this  technique  employs  separate 
frequencies  for  sample  current  and  magnetic  field,  the  Hall  voltage  appears 
at  the  heterodyne  frequencies  instead  of  at  the  excitation  frequency  as  in 
the  dc  or  single  ac  Hall  effect.  The  use  of  phase  sensitive  lock-in  detection 
results  in  excellent  sensitivity  and  noise  rejection. 

2.4.1.  Double  ac  Hall  Apparatus 

The  block  diagram  of  the  double  ac  Hall  system  used  in  this  work 


Is  shown  in  Fig.  2.4,  with  the  corresponding  circuit  schematic  given  in 


Hall 

Coefficient 


Fig.  2.5.  A sample  current  frequency  (f  ) of  1 kHz  and  magnetic  field 
frequency  (f.,)  of  250  Hz  were  chosen  to  give  a wide  frequency  separation 
for  proper  suppression  by  the  lock-in  amplifier.  The  Hall  voltage  is 
detected  at  the  difference  frequency  ( f ^ - f.,)  of  750  Hz.  These  choices 
of  frequencies  differ  from  those  used  by  other  authors.  Russell  mid 
Wahlig  [52]  utilized  10  Hz  as  the  Hall  voltage  frequency.  Kaneda  et  al. 

[53]  used  125  Hz,  whereas  Altwein  ejt  al.  [55]  experimented  with  10  to  100  Hz. 
A noticeable  improvement  resulting  from  a wider  frequency  separation  between 
the  Hall  voltage  and  the  sample  current  was  observed.  Buffer  stages  are 
placed  between  the  mixer  and  both  oscillators  and  also  before  the  current 
inputs  to  the  sample.  These  additional  isolation  measures,  along  with 
careful  shielding  of  all  leads,  result  in  significant  noise  reduction.  In 
addition,  the  spectral  purity  of  the  reference  waveform  was  found  to  be  of 
critical  importance  in  diminishing  the  noise  level  competing  with  the  Hall 
signal.  In  practice  three  stages  of  tuned  active  filters  are  employed  to 
generate  the  750  Hz  reference.  The  final  two  stages  are  the  reference 
channels  of  PAR  JB-5  and  HR-8  lock-in  amplifiers. 

Because  of  the  unusually  high  sensitivity  of  the  double  ac  method 
and  the  PAR  186A  lock-in  amplifier  used  to  detect  the  Hall  signal,  large 
magnetic  fields  are  not  necessary.  In  this  system,  a field  of  200  gauss 
(rms)  is  employed.  The  magnetic  field  was  determined  by  measuring  the 
voltage  induced  in  a 5-tum  test  coil  inserted  in  the  magnet.  The 
calibration  was  checked  by  comparing  observed  double  ac  Hall  coefficients 
with  values  obtained  from  do  Hall  measurements. 

The  sample  holder,  shown  in  Fig.  2.b,  fits  inside  a solenoidal 


magnet  constructed  by  winding  7100  turns  of  30  gauge  transformer  wire  on  a 


Fig.  2.5.  Circuit  diagram  of  the  double  ac  Hall  system 
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Cross-sectional  view  of  the  sample  holder  used  for  double 
ac  van  der  Pauw  measurements.  The  inset  shows  the  sample 
configuration  and  the  spring-loaded  contacts  in  the  holder. 
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bakelite  spool  1 Inch  long.  Machined  from  nylon,  the  sample  holder  is 
designed  Co  hold  the  nylon  discs  on  which  the  samples  are  mounted.  A locat- 
ing pin  automatically  aligns  the  discs  in  the  holder.  Electrical  contact  is 
made  by  four  non-magnetic  spring-mounted  "pogo-st ick"  contacts,  which  are 
manufactured  by  Pylon  Co.,  Attleboro,  MA.  The  repetitive  measurements 
necessary  in  profiling  an  electrically  active  impurity  distribution  in  a 
semiconductor  are  greatly  facilitated  by  this  sample  holder  design.  The 
mounted  sample  can  be  quickly  removed  from  the  holder,  etched,  and  reinserted 
for  another  measurement. 

A problem  associated  with  this  design  is  the  tendency  of  the  metal- 
to-metal  contact  between  the  "pogo-st icks"  of  the  sample  holder  and  the 
evaporated  contact  pads  on  the  sample  to  be  noisy  if  the  contacts  are  not 
clean  and  free  of  surface  oxide.  Although  not  noticeable  during  resistivity 
measurements , this  noise  is  occasionally  important  in  the  Hall  voltage.  A 
time  constant  of  one  second  or  longer  on  the  lock-in  amplifier  is  necessary 
in  such  cases.  A second  problem,  not  well  understood,  is  that  the  :ero- 
field  voltage  ranges  from  0 to  20T  of  the  Hall  voltage.  Ideally,  in  a 
double  ac  Hall  measurement,  there  should  be  no  zero-field  voltage.  This 
voltage  is  most  sensitive  to  changes  in  the  reference  signal,  and  is  there- 
fore apparently  due  to  some  slight  distortion  in  the  reference  waveform 
which  is  not  detectable  on  an  oscilloscope  trace.  In  practice,  the  Hall 
voltage  is  measured  as  the  difference  between  the  observed  voltages  with 
the  sample  in  and  out  of  the  magnet. 

2. -4.2.  Processing  of  the  Samples 

Electrical  contacts  to  the  samples  for  profile  studies  were  formed 
by  evaporating  Ag-Mn  through  a shadow  mask.  Contacts  were  sintered 
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at  330°C  in  flowing  H for  1 min.  Measurement  samples  were  ~ 120  mils 

square,  with  the  contact  pads  arranged  to  have  60  mils  between  centers. 

The  van  der  Pauw  geometry  [57,58]  was  defined  by  lightly  sandblasting 

grooves  through  a stainless-steel  mask  3 mil  thick.  Samples  were  secured 

to  the  mask  by  means  of  glycol  phthalate  during  the  sandblasting,  and  no 

resulting  degradation  of  the  p-n  junction  characteristics  was  observed. 

Insulating  varnish  (GE  7031)  was  used  to  mount  the  samples  on  325  mil 

diameter  nylon  discs  for  measurements. 

Successive  laver  removal  of  GaAs  and  GaAs  P , was  accomplished 

using  a chemical  etch  consisting  of  equal  parts  H^SO,  and  305  diluted 

in  H70  at  room  temperature.  This  etch  did  not  significantly  affect  the 

Ag-Mn  contacts,  so  no  protection  of  the  contacts  during  etching  was 

necessary.  The  etch  rate  was  chosen  to  give  25-30  measurement  steps  for 

each  sample  profiled.  For  GaAs,  a 1:1:60  etch  resulted  in  an  etch  rate  of 

~ 600  X/min,  whereas  a 1:1:100  mixture  etched  at  - 350  S/min.  Wide 

fluctuations  in  the  etch  rate  for  GaAs,-  ,P„  . were  observed,  with  an  etch 

0.6  0.4 

of  1:1:6  resulting  in  an  etch  rate  of  500-800  X/min,  depending  on  the 
age  and  purity  of  the  chemicals  involved,  and  possibly  concentration  and 
damage  dependent  effects.  To  minimize  uncertainty  due  to  variation  in 
the  etch  rate,  etched  step  heights  were  measured  periodically  during  the 
experiment.  Aptezon  W (black  wax)  dots  of ~ 1 mm  diameter  were  placed  in 
several  places  near  the  edges  of  each  sample,  and  the  resulting  etched  step 
height  was  measured  every  5000  - 7000  X using  a Sloan  Dektak  prof ilometer . 

2.4.3.  Data  Analysis 

For  double  ac  van  der  Pauw  measurements,  the  sheet  resistivity 

a and  sheet  Hall  coefficient  R are  given  bv 
s 3 
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With  the  four  contacts  labeled  consecutively,  V represents  the  voltage 

ABCD 

between  contacts  A and  B with  current  1 passed  between  contacts  C and  D. 

The  symbols  VB(_.DA  and  ^VbdaC  are  similarly,  with  AV^^,  the  Hull 

voltage  in  a magnetic  field  B.  The  correction  factor  f( -AP^D  J has  been 

'BCDA  / 

tabulated  by  van  der  Pauw  [57]. 

The  interpretation  of  differential  resistivity  and  Hall  effect 
measurements  in  determining  the  electrically  active  carrier  distribution  is 
discussed  by  Mayer  e_t  a_l.  [38,47].  The  results  presented  below  can  be 
derived  using  the  Boltzmann  transport  equation  [59],  or  obtained  from  an 
equivalent  circuit  analysis  [60].  The  sheet  resistivities  before  and  after 
stripping  a iayer  of  thickness  u^  ate  denoted  by  ps^  and  Pg^  respectively 
similarly,  RSj  and  Rs  ^ ^ are  used  for  the  sheet  Hall  coefficients.  Then 
the  average  mobility  M of  the  layer  is  given  by 
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and  the  average  carrier  concentration  is  given  by 
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In  this  analysis,  the  ratio  of  Hall  mobility  to  conductivity  mobility  has 
been  taken  to  be  unity.  Any  error  arising  from  such  an  approximation  is 
expected  to  be  slight  [61],  and  for  the  high  doping  levels  studied  in  this 
work,  is  much  less  than  the  experimental  uncertainties. 

The  profiles  obtained  from  differential  resistivity  and  Hall 
effect  measurements  are  extremely  sensitive  to  scatter  in  the  experimental 
data  points.  The  procedure  followed  in  this  study  was  to  plot  by  hand  the 
data  for  sheet  resistivity  and  sheet  Hall  coefficient  on  semi-log  graph 
paper,  and  to  draw  a smoothed  curve  through  these  data  points.  Points  were 
then  taken  from  this  smoothed  curve  and  fed  into  a computer  program  which 
performs  the  calculations  given  by  equations  (2.4)  and  (2.5).  The  computer 
programs  used  for  this  analysis  are  given  in  Appendix  2. 

All  of  the  electrical  profiles  presented  in  this  work  are  smoothed 
averages  of  data  obtained  from  two  or  more  identically  processed  samples. 

The  error  bars  indicated  with  these  profiles  approximate  the  extent  of  the 
scatter  in  the  data. 

2.5.  Atomic  Profiling 

The  beryllium  atomic  profiles  presented  in  this  work  were  measured 
by  secondary  ion  mass  spectrometry  (SIMS)  [62,63]  using  the  Cameca  IMS  300 
ion  microanalyzer  at  the  Naval  Weapons  Support  Center,  Crane,  IN.  In  this 
technique,  the  sample  surface  is  sputtered  with  a primary  beam  of  ions,  such 
as  0o+  or  Ar+.  The  sputtered  atoms  which  become  ionized  (i.e.,  secondary 
ions)  are  extracted  and  pass  through  a mass  analyzer.  Under  well  controlled 
conditions,  the  current  produced  by  these  ions  at  the  output  of  the  detec- 
tion system  of  the  mass  analyzer  is  proportional  to  the  concentration  of 
the  investigated  species  in  the  sample.  By  monitoring  the  secondary  ion 


current  with  time  during  sputtering,  the  concentration  profile  can  then 
be  obtained. 

A schematic  diagram  of  the  SIMS  apparatus  used  for  this  work  is 
shown  in  Fig.  2.7.  This  system  has  been  discussed  in  detail  elsewhere  [62], 
so  only  a brief  summary  is  included  here.  The  ion  microanalyzer  consists 
of  four  main  parts:  an  ion  gun  to  produce  the  primary  ion  beam  that  sputters 
the  sample,  the  collection  optics  for  extraction  and  acceleration  of  the 
emitted  secondary  ions,  a mass  and  energy  filtering  system  for  selecting 
the  desired  ion  species,  and  a detection-display  system  for  observing  the 
chosen  secondary  ion  signal.  The  mass  analyzer  is  a double-pass  svstem, 
whereby  the  ions  travel  through  a magnetic  prism  twice.  Momentum  filtering 
is  achieved  by  the  first  deflection  through  the  magnet.  The  electrostatic 
mirror  (Fig.  2.7)  then  acts  as  a low  energy  filter,  since  high  energy  ions 
will  hit  the  mirror  instead  of  being  reflected.  The  reflected  ions  again 
enter  the  magnet  to  be  mass  separated,  following  a trajectory  symmetrical 
to  the  previous  one.  This  type  of  mass  analyzer  is  necessary  to  achieve 
the  needed  mass  resolution  for  SIMS. 

For  the  profiles  presented  in  this  work,  0,+  primary  ion  beam 

currents  ranging  from  0.5  to  1.25  pA  were  employed.  The  beam  was  rastered 

to  sputter  an  area  500  x 500  microns.  ^he  collection  optics  were  set 
9 + 

such  that  onlv  the  Be  secondary  ion  signal  from  the  center  of  the 
sputtered  crater  was  monitored. 

The  SIMS  data  were  calibrated  lit  terms  of  Be  concent  rat  ion  by 
integrating  the  area  under  the  unannealed  profile  and  setting  it  equal  to 
the  Implanted  dose.  Depth  scales  were  established  from  Dektak  measurements 
of  the  sputtered  craters.  The  uniformity  of  the  sputtering  rate  was 
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SIMS  Be  atomic  profiles  in  GaAs  has  been  further  substantiated  by  parallel 
9 6 

studies  using  Be(p,a)  Li  nuclear-reaction  methods  [64].  Reproducibility 
from  run  to  run  on  the  same  sample  was  generally  within  15%.  In  most  cases. 


the  SIMS  profiles  presented  here  are  averages  of  data  from  two  or  more  runs. 
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3.  ANNEALING  STUDIES  OF  Be- IMPLANTED  GaAs 


Vapor-phase  epitaxial  (VPE)  GaAs  obtained  from  two  sources,  Texas 
Instruments  and  Raytheon,  were  used  in  this  study.  Epitaxial  n-type  layers 
grown  on  either  n+  or  Cr-doped  substrates  were  investigated,  and  no 
substrate-dependent  effects  were  observed.  Background  donor  concentrations 
in  the  various  VPE  samples  utilized  ranged  from  - 10^  to  5 x 10^  cm 

3.1  Photoluminescence  Results 

Low  temperature  photo  luminescence  (5°K)  is  an  extremely  sensitive 

technique  for  studying  the  optical  properties  and  lattice  recovery  of 

implanted  layers.  In  the  original  isochronal  anneal  study  of  Be-implanted 

GaAs  by  Chatterjee  et  >al. [2]  the  integrated  intensity  of  the  Be-related 

(band-to-acceptor ) luminescence  band  at  1.493  eV  was  observed  to  increase 

dramatically  as  a function  of  anneal  temperature  for  Be  fluences  from 
12  13  -2 

5 x 10  to  5 x 10  cm  at  130  keV.  This  result  indicates  that  an  anneal 
temperature  of  900°C  is  necessary  to  achieve  maximum  Be  optical  activation 
and  lattice  recovery.  In  this  work  we  have  further  substantiated  this 
conclusion  and  extended  the  results  to  include  higher  dose  Be  implants. 

Figure  3.1  shows  the  variation  of  the  integrated  intensity  of  the 
Be-related  luminescence  band  at  1.493  eV  for  samples  implanted  at  250  keV 
for  fluences  from  5 x 10^  to  1 x 10^  cm  ^ and  annealed  at  temperatures 
from  600  to  900°C  for  30  minutes  using  Si^N^  encapsulation.  To  ensure 
the  luminescence  observed  is  from  the  region  of  peak  Be  concentration  and 
highest  implantation  damage,  - 3000  X were  etched  from  the  surface  after 
the  anneal.  The  results  presented  in  Fig.  3.1  were  duplicated  in  samples 
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from  both  Texas  Instruments  .uni  Raytheon.  The  data  points  shown  are 
actually  averages  of  data  taken  from  these  two  sets  of  samples.  Normali- 
zation has  been  done  with  respect  to  the  total  integrated  intensity  of  the 
band-edge  luminescence  of  an  unimplanted  sample. 

As  is  evident  from  Tig.  3.1,  an  anneal  temperature  of  900°C  is 
unquestionably  necessary  for  maximum  be  optical  activation  and  lattice 
recovery.  The  increase  in  the  integrated  intensity  between  nOO  and  lH)0°C 
anneals  becomes  even  more  pronounced  as  the  implant  fluence  is  increased, 
due  to  the  greater  extent  ot  the  lattice  damage  caused  by  heavier  dose 

12 

implants.  As  noted  by  Chatter jee  et  a 1 . [2],  for  low  be  fluences  (3  x 10 
13  -2 

3 x 10  cm  at  130  keVI  the  hand-to-accept or  luminescence  observed  tor 

9l)0°C  anneals  scales  with  the  implanted  dose.  However,  as  shown  in  Fig.  3.1, 

13 

the  integrated  intensity  decreases  for  successive  fluences  above  3 x 10 

m I 

cm  “.  This  indicates  that  for  heavy  dose  implants,  some  residual  lattice 
damage  may  be  unannealable  even  at  900°C. 

An  isothermal  anneal  study  was  also  carried  out  to  investigate 
the  effect  of  annealing  time  on  the  observed  photoluminescence . The 
general  trend  observed  in  900° C anneals  from  2 minutes  to  2 hours  was  a 
monotonic  increase  in  integrated  intensity  with  a saturation  in  the  intensity 
occurring  for  anneals  of  l hour  or  more.  A 900°C  anneal  for  3 min  ^measured 
from  the  time  the  sample  temperature  reached  8730C1  resulted  in  an  inte- 
grated intensity  roughly  equivalent  to  an  800°C,  1/2  hour  anneal.  An 
anneal  of  900°C  for  1/2  hour  appears  to  be  optimum,  since  the  reliability 
of  the  SljN^  encapsulant  decreases  with  longer  anneal  times. 
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3.2.  Electrical  and  Atomic  Profiles 


3.2.1.  Temperature  and  Time  Dependence 


I I 


Electrical  carrier  concentration  profiles,  shown  in  Fig.  3.2, 

were  obtained  from  differential  resistivity  and  Hall  effect  measurements 
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on  GaAs  samples  Be-implanted  at  250  keV  to  a fluence  of  5 x 10  cm  and 

annealed  for  1/2  hr  at  various  temperatures  from  600  to  900°C.  The  dashed 

line  indicates  the  as-implanted  Be  distribution  predicted  by  LSS  theory 

[39].  The  lower  graph  shows  the  mobility  variation  as  a function  of  depth. 

No  significant  differences  in  the  mobilities  were  observed  for  the  three 

anneal  temperatures  studied,  so  only  the  900°C  points  are  plotted.  The 

dashed  line  on  the  mobility  graph  represents  a Brooks-Herring  [65,66] 

calculation  based  on  the  measured  impurity  distribution  and  an  assumed 

2 

lattice-limited  mobility  of  400  cm“/V-sec.  Although  the  Brooks-Herring 

formula  is  a semi-empirical  approximation,  the  calculation  indicates  no 

anomalous  mobility  variations  resulting  from  the  implantation. 

Measurement  of  the  integrated  area  under  each  of  the  carrier 

distribution  profiles  in  Fig.  3.2  givps  activation  efficiency  estimates 

of  80,  85,  and  957»  for  the  600,  700,  and  900°C  anneals,  respectively. 

Considering  the  experimental  uncertainties  involved  in  such  profiling 

measurements,  these  results  are  in  good  agreement  with  earlier  data 

reported  by  Chatterjee  et_  al_.  [7,27],  apart  from  the  600°C  activation, 

which  is  somewhat  higher  in  the  present  case.  It  should  also  be  noted  the 

2 

mobility  values  are  quite  high  (200-300  cm“/V-sec)  and  that  little  dif- 

18  “3 

fusion  of  the  implanted  Be  takes  place  for  these  concentrations  (^10  cm  ), 

In  Fig.  3.3  carrier  concentration  and  mobility  profiles  are  shown 
15  -2 

for  a Be  fluence  of  1 x 10  cm  at  250  keV.  The  samples  were  annealed 
for  1/2  hr  with  Si^N^  encapsulation  at  the  temperatures  shown.  In  this 
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case  the  highest  hole  concentration  occurs  for  the  700°C  anneal  with  an 
activation  of  757*,  although  the  600°C  profile  is  quite  similar  with  an 
activation  of  707*.  In  contrast  with  the  results  of  Fig.  3.2,  a drastic 
redistribution  of  the  implanted  Be  is  found  at  800°C  in  this  higher  fluence 
case.  The  activation  has  been  reduced  to  507*,  and  significant  indiffusion 
has  occurred.  The  decrease  in  activation  at  higher  temperatures  is  due  to 
outdiffusion  of  Be  into  the  Si^N^  encapsulant  during  the  anneal.  Such 
outdiffusion  was  first  observed  in  SIMS  profiling  by  Comas  and  Plew  [67, 

68],  and  will  be  discussed  in  detail  in  Sec.  3.2.2. 

No  significant  differences  are  observed  in  the  profiles  for  800 
and  900°C,  1/2  hr  anneals,  indicating  the  diffusion  mechanism  is  highly  con- 
centration dependent.  The  diffusion  rate  is  extremely  fast  for  concentra- 

18  “3 

tions  above  ~ 5 x 10  cm  when  the  temperature  is  near  or  above  800°C, 
and  is  much  slower  for  lower  concentrations  and  anneal  temperatures. 

Mobility  values  are  again  extremely  good,  in  this  case  slightly 
higher  than  that  predicted  by  Brooks-Herring  theory.  Numerous  variations 
from  this  theory  have  been  observed  experimentally  [66],  so  these  results 
are  not  surprising.  The  high  electrical  activation  and  high  mobility  found 
even  for  600°C  anneals  indicates  the  requirements  for  good  electrical 
activation  are  much  less  stringent  than  those  for  optical  activation.  For 
applications  in  which  only  electrical  activation  is  desired,  anneal  tempera- 
tures of  600-700°C  may  be  sufficient.  However,  the  photoluminescence  results 

B 

indicate  that  optoe lectronic  devices  fabricated  with  Be  implantation  will 
require  an  anneal  temperature  of  900°C  for  successful  removal  of  residual 
Lattice  damage. 

The  peak  concentration  in  Fig.  3.2  for  the  600°C  profile  corre- 
sponds  closely  with  the  value  predicted  by  LSS.  In  Figs.  3.2  and  3.3  the 
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position  of  the  peak  appears  10-20%  shallower  than  the  projected  range 
given  by  LSS.  A further  comparison  of  LSS  with  SIMS  Be  atomic  distri- 
butions will  be  discussed  in  Sec.  3.2.2. 

The  data  presented  in  Fig.  3.3  are  in  agreement  with  previous 
work  reported  by  Hunsperger  e£  a l . [1]  and  ZoLch  e£  a_l.  [2c>],  who  also 
observed  a decrease  in  activation  for  anneal  temperatures  above  700°C  for 
higher  dose  Be  implantations.  The  lower  activation  for  o00-700°C  anneals 
first  reported  by  Chat  ter  jee  c^t  a_l_.  [7,27]  has  not  been  reproduced.  Reasons 

for  this  discrepancy  are  not  clear,  although  improvements  in  the  Si.N. 
encapsulant  may  result  in  the  present  better  activation.  There  is  no 
substantial  difference,  however,  between  the  900° C activation  noted  by 
Chatterjee  e_t  a_U  [7,27]  and  the  present  findings. 

An  isothermal  anneal  study  was  carried  out  to  investigate  the 

effect  of  annealing  time  on  the  resulting  profile.  For  low  doses  ( ^ 5 x 
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10  cm  “3  corresponding  to  impurity  concentrations  of  less  than  -10 

- j 

cm  , no  appreciable  diffusion  with  time  is  detected.  For  higher  doses, 

however,  the  effect  of  annealing  time  on  the  electrical  carrier  concen- 
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tration  profile  is  striking.  Profiles  of  a l x 10  cm  Be  fluence  at 
250  keV  annealed  at  900°C  with  Si^N  encapsu lat ion  for  various  times  from 
5 min  to  l hr  are  presented  in  Fig.  3.-*.  The  implanted  Be  diffuses  rapidly 
during  the  first  5 min  of  annealing,  and  then  diffuses  slowly  for  con- 
centrations less  than  - 5 x lo'"''  cm  \ A continuous  indiffusion  of  Be  is 
observed,  with  a junction  depth  of  ~ 2 microns  for  a 1 hr  anneal  at  dOOV'. 
Activation  efficiencies  for  5,  30,  and  oO  min  anneals  at  °00'V  are  05. 

50,  and  -♦0%,  respectively.  The  decrease  in  activation  with  anneal  time  is 

again  related  to  the  loss  of  Be  into  the  Si.N  encapsulant. 
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The  diffusion  fronts  in  the  electrical  profiles  shown  in  Fig.  3.4 
are  believed  to  be  extremely  sharp.  Accurate  data  points  are  difficult 
to  obtain  in  such  close  proximity  with  a p-n  junction,  but  a sharp  drop- 
off has  consistently  been  found  for  high  fluence  implants  annealed  at 
900°C.  This  will  be  substantiated  by  SIMS  Be  atomic  profiles  presented 
in  the  following  section. 

3.2.2.  Concentration  Dependence  and  Outdiffusion 

In  Fig.  3.5  the  SIMS  Be  atomic  distribution  for  a 250  keV,  10^ 

-2 

cm  “ implant  is  compared  with  the  profile  predicted  by  LSS  theory  [39]. 

This  figure  also  shows  the  Be  atomic  distribution  after  annealing  for 
1/2  hr  at  900°C,  and  the  corresponding  electrical  profile  determined  from 
differential  Hall  effect  measurements.  In  this  high  dose  case  a sub- 
stantial redistribution  of  the  implanted  Be  takes  place  during  the  anneal, 
and  the  electrical  activation  has  been  reduced  to  507.  of  the  implanted 
dose.  However,  the  integrated  area  under  the  SIMS  annealed  Be  atomic 
profile  is  also  - 507,  of  the  implanted  dose.  Such  close  agreement  between 
the  atomic  distribution  and  the  electrical  data  indicates  that,  to  within 
an  experimental  uncertainty  of  ~ 157,,  all  of  the  Be  remaining  in  the  GaAs 
after  the  anneal  is  electrically  active.  No  evidence  of  effects  such  as 
large  Be  precipitates  or  defect  compensation  is  observed.  Previously 
reported  SIMS  profiles  [67],  obtained  when  anneals  were  performed  using 
either  chemica 1- vapor  deposited  SiO,,  or  sputtered  Si^N^,  exhibited  a large 
pileup  of  Be  at  the  surface  which  extended  - 1000  X into  the  sample.  This 
surface  pileup  is  absent  for  properly  deposited  Si^N^  films  [42]. 

It  is  clear  from  Fig.  3.5  that  significant  differences  exist 
between  LSS  theory  and  the  SIMS  unannealed  Be  profile.  The  Be  distribution 
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Fig.  3.5.  Comparison  of  as-implanced  SIMS  Be  profile  with  theoretical 
distribution  (LSS) , and  comparison  of  SIMS  data  with  net 
acceptor  concentration  profile  after  annealing  for  the  high 
fluence  implant  shown. 
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is  skewed  considerably  toward  the  surface,  and  the  projected  range  is 

~ 20'T,  shallower  than  predicted  by  LSS.  This  skewness  has  consistently  been 

observed  in  SIMS  Be  atomic  profiles  of  unannealed  samples  implanted  with 

fluences  from  10^  to  I0lt>  cm  “ at  both  100  and  230  keV  [6d]  . Such 

deviations  from  a simple  LSS  Gaussian  are  often  observed  for  other  implanted 

impurities,  most  notably  for  B in  Si.  In  such  cases,  calculations  of  the 

third  and  higher  moments  of  the  distribution  have  been  necessary  to 

accurately  predict  the  implanted  profile  [70,71]. 

To  investigate  the  outdiffusion  of  Be  into  the  Si.,N,  encapsulant 

during  annealing,  SIMS  profiles  were  obtained  by  sputtering  through  both  the 

Si.,N.  and  the  CaAs  surface.  The  result  for  a 100  keV  Be  fluence  of  2 x 10^ 
3 4 

cm  “ is  plotted  in  Fig.  3.b.  The  data  clearly  indicate  the  presence  of  Be 
in  the  Si^N^  layer.  Due  to  differences  in  the  secondary  ion  yield  of  Be 
in  GaAs  and  Si^N^,  however,  it  is  not  possible  to  directly  compare  concen- 
trations in  the  two  regions.  The  high  secondary  ion  signals  at  the  Si  N. 
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surface  and  at  the  GaAs-Si-N,  interface  are  in  part  artifacts  of  the  SIMS 
technique,  probably  caused  by  thin  oxide  layers  and  other  inhomogeneit ies 
often  present  at  such  boundaries,  which  affect  the  secondary  ion  yield. 

It  does  appear,  however,  that  the  interface  acts  as  a source  for  Be 
diffusion  into  the  Si^N,  during  annealing.  The  buildup  of  Be  at  this 
interface  is  primarily  in  the  Si,N,  , since  profiles  measured  with  the 
Si  N,  removed  show  the  surface  Be  peak  is  nonexistent  or  less  than  100  ^ 
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deep.  The  high  background  noise  level  shown  in  Fig.  3.0  is  due  to  effects 
associated  with  SIMS  profiling  through  an  insulator  into  a conducting 
substrate  [72]. 

The  fluence  dependence  of  the  diffusion  of  implanted  Be  in  GaAs 
is  illustrated  in  Fig.  3.7.  In  this  graph,  electrical  profiles  have  been 
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Fig.  3.0. 


SIMS  data  of  relative  Be  coneentrat ion  in  the  Si  N.  encapsuiant 
and  the  C.aAs  substrate  after  the  implant  and  anneat  shown. 


Comparison  of  SIMS  and  net  acceptor  concent  rat  ion  profiles 
for  the  250  keV  Be  fiuences  and  anneal  shown. 
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plotted  with  S LMS  Be  atomic  profiles  for  900°C,  1/2  hr  anneals  of  five  250 

13  15  -2 

keV  Be  fluences  ranging  from  5 x 10  to  1 x 10  cm  “ . Excellent  agree- 
ment is  observed  between  SIMS  and  electrical  profiles  for  all  fluences. 

The  sharp  diffusion  front  evident  from  both  SIMS  and  electrical  measure- 
ments of  the  higher  dose  implants  is  similar  to  that  observed  for  Zn 

diffusion  in  CaAs  [73]  and  is  indicative  of  a concentrat ion-dependent 
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diffusion.  Diffusion  is  minimal  for  the  lowest  dose  of  5 x 10  cm  , which 

corresponds  to  a peak  implanted  Be  concentration  before  annealing  of  1 x 
18  "3 

10  cm  . As  the  dose  is  increased,  the  distribution  begins  to  flatten 

as  Be  diffuses  toward  the  surface  and  deeper  into  the  substrate  during  the 

13  14  -■•> 

anneal.  The  three  lower  fluences  of  5 x 10  to  2 x 10  cm  “ result  in 
electrical  activation  efficiencies  of  90-100%  of  the  implanted  dose, 
indicating  no  significant  outdiffusion  of  Be  is  occurring.  For  higher 
fluences,  substantial  outdiffusion  of  Be  at  the  surface  is  observed  and  the 

measured  electrical  activation  has  decreased  to  65%  of  the  implanted  dose 

14  -2  15  -2 

for  a 5 x 10  cm  fluence,  and  to  50%  for  a 1 x 10  cm  fluence. 

Deeper  indiffusion  is  also  observed  for  the  higher  doses.  However,  the 

close  agreement  between  the  SIMS  Be  atomic  distributions  and  the  electrical 

data  for  these  fluences  indicates  85-100%  of  the  Be  present  after  annealing 

is  electrically  active.  The  outdiffusion  at  the  surface  is  first  observed 

when  the  Be  concentration  at  the  surface  during  the  anneal  reaches  -lx 

in18  -3 

10  cm 

Because  the  outdiffusion  of  Be  into  the  Si,jN^  encapsulant  is  most 
strongly  related  to  the  Be  concentration  at  the  surface  during  the  anneal, 
the  effect  of  the  outdiffusion  is  more  noticeable  for  shallower  implants. 


This  is  illustrated  in  Fig.  3.8,  which  compares  SIMS  Be  distributions  with 
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Fig.  3.8.  Comparison  of  SIMS  and  net  acceptor  concentration  profiles 
for  the  100  keV  Be  fluences  and  anneal  shown. 
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corresponding  electrical  profiles  for  two  100  keV  Be  fluences  with  annealing 

13  -•> 

at  900°C  for  1/2  hr.  For  a relatively  low  dose  of  5 x 10  cm  same 

skewing  of  the  profile  toward  the  surface  is  seen  in  both  the  SIMS  and 

electrical  measurements,  but  the  integrated  areas  both  correspond  to  - 90?„ 
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of  the  implanted  dose.  For  the  higher  fluence  of  2 x 10  cm  ",  hov*;ver, 

considerable  outdif fusion  occurs  during  the  anneal,  resulting  in  a measured 

electrical  activation  and  atomic  distribution  corresponding  to  only  ~ 60?., 

of  the  implanted  dose.  Although  significant  diffusion  occurs  for  an 
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identical  fluence  (2  x 10  cm  ) at  250  keV  (Fig.  3.7),  the  Be  surface 
concentration  is  still  low  after  annealing  in  that  case  due  to  the  greater 
depth  of  that  implant.  In  both  Figs.  3.7  and  3.S,  the  onset  of  the  out- 
diffusion  is  not  observed  until  the  Be  surface  concentration  has  exceeded 
- 1 x 1018  cm*3. 
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Very  high  dose  Be  implants  of  2-5  x 10  cm  at  250  keV  were 

also  examined  in  this  work.  These  fluences  correspond  to  peak  implanted 
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Be  concentrations  of  4-10  x 10  cm  Anomalous  diffusion  was  observed 

in  SIMS  profiles,  with  multiple  peaks  character ist ical ly  seen  in  the  Be 

distribution  after  900°C,  1/2  hr  anneals.  This  multiple  peak  structure 

9 b 

has  also  been  observed  using  Be(p,a)  i,i  nuclear-reaction  methods  [64].  A 
large  dip  in  the  Be  distribution  was  commonly  seen  at  a depth  roughly 
corresponding  to  the  projected  range  for  these  very  high  dose  implants. 
Deeper  indiffusion  and  a definite  pileup  of  Be  near  the  surface  was  also 
observed. 
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Reproducible  electrical  profiles  for  2-5  x 10  cm  implants 
at  250  keV  annealed  at  900°C  for  1/2  hr  could  not  be  obtained  because  of 
excessive  pitting  of  the  C.aAs  surface  during  etching.  Such  pitting  is 
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presumed  to  be  damage  - re lated , since  it  was  not  observed  for  lower  dose 

implants.  However,  an  electrical  profile  obtained  from  differential  Hall 
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measurements  for  a ~ 10  cm  Be  implant  at  400  keV  annealed  at  900°  C for 

15  min  has  been  published  by  Donnelly  [74],  A flat  distribution  with 
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carrier  concentration  - 5 x 10  cm  and  junction  depth  of  ~ 3 p.m  was 
reported.  This  is  the  highest  reported  net  acceptor  concentrat ion  in  Be- 
implanted  CaAs  annealed  at  900°C. 

The  anomalous  diffusion  during  annealing  observed  in  heavv-dose 
Be  implants  is  not  surprising  considering  the  damage  and  concentrat ion 
dependence  involved.  Witmeyer  et  aU  [75],  utilizing  transmission  electron 
microscopy  (TEM) , have  correlated  anomalous  Be  diffusion  observed  in  SIMS 
with  high  defect  densities  still  remaining  after  annealing  at  550-S00°C. 

The  photoluminescence  results  reported  in  Sec.  3.1  also  indicate  residual 
lattice  damage  is  still  present  after  900°C,  1/2  hr  anneals  of  higher  dose 
implants. 


3.2.3.  Attempts  to  Inhibit  Diffusion 

To  determine  if  the  Be  outdif fusion  at  the  surface  is  related 

to  the  encapsulant,  annealing  in  a controlled  ambient  was  investigated. 

Samples  were  annealed  by  Marc  Ilegems,  Bell  Laboratories,  in  evacuated 

sealed  ampoules  under  Ga-liquidus  equilibrium  conditions  (excess  Ga  and 

GaAs).  Electrical  profiles  of  these  samples  indicated  diffusion  behavior 

identical  to  that  observed  with  Si,N,  encapsulation. 

3 4 

To  investigate  the  possibility  that  the  diffusion  of  Be  is  damage 
dependent,  experiments  with  a two-step  annealing  procedure  were  done.  Sinci 
Be  becomes  electrically  active  and  diffuses  negligibly  at  low  anneal 
temperatures,  it  was  hoped  that  by  doing  long  anneals  (1-2  hr)  at 
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temperatures  of  600-700°C,  diffusion  during  a subsequent  900°C  anneal  would 
be  restrained.  This  was  found  not  to  be  the  case,  however,  as  electrical  _ 
profiles  indicated  a two-step  anneal  did  nothing  to  slow  the  Be  diffusion. 

It  has  been  reported  that  significantly  higher  electron  concen- 
trations can  be  achieved  for  donor  implants  into  GaAs  if  the  substrate  is 
heated  during  implantation  [74].  Less  indiffusion  of  Cd  [76]  and  a higher 
substitutional  fraction  of  Cd  on  lattice  sites  as  determined  by  back- 
scattering  [77]  has  also  been  observed  for  hot  substrate  implants  into 
GaAs.  These  effects  are  presumably  related  to  annealing  taking  place 
during  the  implant.  The  results  of  such  a study  to  inhibit  the  diffusion 
of  implanted  Be  in  GaAs  are  shown  in  Fig.  3.9.  Electrical  and  atomic 
profiles  for  room  temperature  and  350°C  implants  are  presented.  Both 
implants  were  done  in  GaAs  taken  from  the  same  wafer,  and  all  processing 
steps  except  for  the  implant  temperature  were  identical.  For  surface 
protection,  ~ 300  X of  Si^N^  was  deposited  on  all  samples  prior  to  the 
implantation.  The  samples  were  implanted  with  250  keV  Be  to  a fluence  of 

5 x 10  cm  and  were  annealed  at  900°C  for  1/2  hr  with  ~ 1000  X Si_N, 
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encapsulation.  As  shown  in  Fig.  3.9,  the  350°C  implant  resulted  in  a 

somewhat  higher  peak  concentration  and  slightly  less  indiffusion.  The 

electrical  activation  observed  was  85%  for  the  350°C  implant  as  compared 

with  65%  for  the  25°C  implant.  The  primary  effect  of  the  350°C  implant, 

however,  was  only  to  inhibit  the  outdiffusion  of  Be  at  the  surface.  Similar 
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studies  of  lower  dose  ( <_2  x 10  cm  ) 250  keV  implants,  where  the  out- 
diffusion is  not  observed,  revealed  no  significant  difference  between  room 

temperature  and  hot  implant  profiles  after  annealing.  A larger  dose  of 
15  -2 

10  cm  also  resulted  in  identical  profiles,  indicating  the  higher  peak 
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Fig.  3.9. 


SIMS  and  electrical  concentration  profiles  for  two  implanta- 
tion temperatures  for  the  implant  fluence  and  anneal  shown. 
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concentration  shown  in  Fig.  3.9  for  a 350°C  implant  is  a small  effect  not 
observable  in  more  heavily  damaged  implanted  layers. 


A most  disturbing  consequence  of  the  heated  implants  was  the 
formation  of  a deep  p-type  tail  on  the  distribution,  as  is  evident  in 
Fig.  3.9.  This  tail,  which  was  found  to  extend  throughout  the  - 8 urn  thick 
epitaxial  layer,  was  not  observed  for  room  temperature  implants.  A similar 
result  has  been  reported  by  Hunsperger  and  Marsh  [78]  for  Zn  and  Cd  implants 
into  bulk  GaAs  substrates  held  at  400°C.  They  observed  the  formation  of  a 
deep  (~  120  urn) , semi-insulating  tail  beneath  the  implanted  layer  after  a 
10  min  900°C  anneal.  This  was  attributed  to  the  deep  diffusion  of  defects 
and  vacancies  during  the  implantation  and  subsequent  anneal.  Itoh  and 
Kushiro  [79]  found  that  this  effect  could  be  eliminated  by  first  performing 
a room  temperature  As  implant  prior  to  a Cd  implant  at  500°C.  They  postulated 
that  the  preimplantation  of  As  helped  preven.:  As  vacancy  formation  and 
diffusion  in  the  following  high  temperature  Cd  implant.  In  the  present 
case  the  n-type  VPE  layers  used  were  unintentionally  doped,  and  the  most 
likely  principal  contaminant  was  Si.  We  speculate  the  p-type  conversion 
observed  was  due  to  defect  diffusion,  causing  Si  to  change  sites  in  the  GaAs 
lattice.  It  is  likely  the  electrical  carrier  concentration  observed  in  the 
tail  region  is  strongly  dependent  on  the  nature  of  the  epitaxial  layer 
involved,  and  further  work  is  necessary  to  understand  this  phenomenon. 

3.2.4.  Estimation  of  Diffusion  Coefficients 

It  is  apparent  from  the  SIMS  and  electrical  profiles  presented  in 


A 


this  chapter  that  the  annealing  of  Be-implanted  GaAs  does  not  result  in 
simple  diffusion  of  the  implanted  distribution.  Because  of  surface  out- 
diffusion,  concentration  dependences,  and  possible  defect-enhanced  migration 
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effects,  the  diffusion  mechanism  is  extremely  comp  lex tand ‘is  not  presently 

f 

understood.  However,  some  interesting  observations  can  be  made  by  comparing 

the  observed  Be  distributions  after  annealing  with  calculated  Gaussian 

diffusion  profiles.  In  Fig.  3.10,  profiles  illustrating  the  diffusion  of  a 

Gaussian  are  shown  for  various  diffusion  coefficients.  The  initial 

15  -2 

profile  roughly  corresponds  to  a 10  cm  Be  implant  at  250  keV.  The 
diffusion  time  is  1/2  hr.  These  profiles  were  calculated  using  the 
equation 


N(x)  = — exp 
v '2*t  o 


(x-R  )• 


20 


(3.1) 


where 


o2  = (Ar  )2  + 2Dt  (3.2) 

P 

These  equations  represent  a Gaussian  distribution  N(x)  centered  at  x = 

with  integrated  area  $ and  standard  deviation  Ar  at  time  t = 0.  D is  the 

P 

assumed  diffusion  coefficient.  The  computer  program  written  to  perform 
these  diffusion  calculations  is  given  in  Appendix  3. 

By  comparing  the  Be  concentration  near  the  peaks  of  the  distri- 
butions presented  in  Fig.  3.7  with  the  peaks  of  the  diffusion  profiles  in 
Fig.  3.10,  a first-order  estimate  of  the  diffusion  coefficients  can  be 
obtained.  These  estimates  represent  a rough  average  of  the  diffusion 
coefficient  in  the  concentration  range  over  which  the  Be  has  diffused 
during  the  1/2  hr  anneal,  and  would  most  accurately  describe  the  diffusion 

coefficient  for  a concentration  near  the  middle  of  this  range.  For  example, 

15  -2 

the  average  diffusion  coefficient  for  the  10  cm  implant  profile  in 

- 12  2 

Fig.  3.7  is  - 2-3  x 10  cm  /sec,  and  the  corresponding  concentration 

19  -3  IS  -3 

range  is  from  2 x 10  cm  to  - 3.5  x 10  cm  By  similarly  estimating 


9 = 1 x 10 15  cm-2 
Rp  = 0.65  jmm 
ARp  = 0. 17/i.m 


Diffusion 

Coefficients  (cm2/sec) 
1/2  hr. 

I 2 x 10" 14 
H 1 x 10‘13 
H 2 x 10'13 
nz  5 X 10'13 
ZZ  1 x 10'12 
zzr  2 x io"12 
5ZE  5 x 10-12 

m i x io-11 


Depth  (microns) 


Fig.  3.10.  Theoretical  diffusion  profiles  of  a Gaussian  dis: 
for  the  diffusion  coefficients  shown. 
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the  diffusion  coefficients  for  the  other  fiuence  profiles  shown  in  Fig.  3.7, 
and  plotting  the  results  on  a log-log  graph  of  diffusion  coefficient  versus 
Be  concentration,  Fig.  3.11  is  thereby  obtained.  It  should  be  noted  the 
horizontal  lines  on  the  data  in  Fig.  3.11  represent  the  extent  of  the 
concent  rat  ion  range  for  the  given  average  diffusion  coefficient  and  are 
therefore  not  true  error  bars. 

The  heavy  solid  line  drawn  through  the  data  in  Fig.  3.11  corresponds 
to  a square-law  dependence  of  the  diffusion  coefficient  on  the  Be  concentration 
which  appears  to  accurately  describe  the  data.  It  is  Interesting  to  note  that 
the  diffusion  coefficient  of  Zn  in  GaAs  also  depends  on  the  square  of  the  Zn 
concentration  [73,80].  Zn  in  GaAs  is  known  to  diffuse  by  the  interstitial-sub- 
stitutional mechanism  [73].  However,  lacking  further  experimental  evidence,  it 
is  not  known  if  such  a diffusion  model  can  be  used  to  explain  the  observed  Be 
diffusion.  An  additional  complication  in  attempting  a theoretical  analysis  of 
implanted  Be  diffusion  is  that  the  Boltzmann-Matano  [73,81]  method,  typically 
used  to  study  concentration-dependent  diffusion,  cannot  be  used  since  it  only 
applies  to  diffusion  from  a constant  source  at  a surface. 

1'he  values  of  the  diffusion  coefficient  for  various  Be  concen- 
trations, as  determined  from  Fig.  3.11,  can  be  compared  with  other  values 

given  in  the  literature.  Zolch  [26]  estimates  a 900°C  diffusion  coefficient 
-12  2,  13-2 

of  ~ 2 x 10  cm  /sec  for  a 10  cm  *"  Be  implant  at  130  keV.  This  is 

15  -2 

within  a factor  of  2 of  the  value  given  by  Fig.  3.11  for  a 10  cm  implant 

at  250  keV.  To  ltorat.sk  i i and  Stuchebnlkov  [25]  fit  their  Be  diffusion 

data  to  a complementary  error  function  and  calculated  a l,00°G  diffusion 
- 1 1 2 

coefficient  of  - 10  cm  /sec  |82].  If  one  assumes  their  value  to  be  most 

19  -3 

accurate  around  Be  concentrations  of  ~ 10  cm  , which  was  roughly  the 
peak  acceptor  concentration  measured,  this  value  Is  within  a factor  of  3 
of  that  given  by  Fig.  3.11. 


The  Be  diffusion  coefficients  in  Fig.  3.11  are  approximately  two 

orders  of  magnitude  lower  than  values  given  by  Casey  et  a_l.  [80]  for  Zn 

19  -3 

diffusion  in  GaAs.  For  Zn  concentrations  of  10  cm  , the  diffusion 

- 10  2 

coefficient  at  900°C  is  2-4  x 10  cm"/sec.  For  comparable  implanted  Be 

- 12  2 

concentrations , the  diffusion  coefficient  is  ~ 4 x 10  “ cnT/sec.  Although 

no  diffusion  coefficient  data  could  be  found  for  implanted  Zn  in  GaAs,  the 
profile  information  available  [26,78,83]  indicates  that  implanted  Zn 
diffuses  to  a depth  several  times  the  projected  range  of  the  implant  during 
annealing  at  900°C.  In  such  cases,  the  implant  may  be  considered  a pre- 
deposition which  is  followed  by  a drive-in  diffusion.  The  diffusion 
coefficient  of  implanted  Zn  is  therefore  expected  to  be  considerably  higher 
than  reported  here  for  Be. 
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4.  ANNEALING  STUDIES  OF  Be-IMPLANTED  GaAs , ,P,  , 

0.6  0 . *4 

VPE  GaAs,  ,P.,  . obtained  from  Monsanto  was  used  in  this  work. 

0 . b 0 . 

This  particular  composition  (x  » 0.4)  of  GaAs,  P is  the  standard  material 

1-x  x 

commercially  employed  in  the  fabrication  of  red  light-emitting  diodes  (LF.Ds) . 

The  epitaxial  lavers  studied  had  a background  donor  concentration  N,  - 2.0  x 

d 

10  ^cm  , and  were  grown  on  n+  GaAs  substrates.  All  anneals  were  performed 

with  Si  ,N,  encapsulation  as  described  in  Sec.  2.2. 

J *♦ 


4.1.  Photoluminescence  and  Be-lmpl3nted  LED  Results 

A considerable  amount  of  photoluminescence  data  on  the  annealing 

of  Be-implanted  CaAs  P has  previously  been  published  by  Chatterjee 

0 . 62  0.38 

et^  a_l.  [5,7,271.  In  those  studies,  measurements  of  the  integrated  intensity 

of  the  Be-related  luminescence  centered  at  1.955  eV'  at  6°K  were  obtained 

as  a function  of  annealing  temperature  from  000  to  900°C  for  implant  fluences 
12  14  -2 

from  5 x 10  to  5 x 10  cm  at  250  keV.  It  was  shown  that  annealing  at 

900°C  results  in  maximum  Be  luminescence  and  lattice  recovery. 

The  results  mentioned  above  were  verified  in  the  present  work, 

and  additional  information  was  obtained  on  the  annealing  of  very  high  dose 
15  -2 

implants  (1-5  x 10  cm  at  250  keV) . These  implants  were  of  interest  for 

the  possible  fabrication  of  LEDs  continuing  previous  work  bv  Chatterjee  e_t  a 1 . 

[7,17],  who  first  demonstrated  the  feasibility  of  making  red  LF.Ds  by  Be 

Implantation.  The  photoluminescence  experiments  carried  out  on  these  samples 

indicated  the  integrated  intensity  of  the  Be-related  luminescence  decreases 

14  -2 

steadily  as  the  implant  dose  is  increased  from  5 x 10  cm  at  250  keV. 

Longer  anneal  times  of  1-2  hours  increased  the  luminescence  slightly,  but 


the  integrated  intensities  were  still  2-10  times  lower  than  that  from  an 
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unimplanted  sample.  These  results  correlate  with  that  observed  in  Be- 
implanted  GaAs  (Sec.  3.1)  , and  suggest  that  some  residual  lattice  damage 
is  still  present  after  900°C  annealing  of  high  dose  implants. 

The  apparent  inability  to  anneal  out  all  of  the  implantation- 
induced  defects  was  also  reflected  in  the  performance  of  red  LEDs  fabricated 
in  this  work.  These  Be-implanted  LEDs  were  made  using  standard  photo- 
lithographic processing  by  Monsanto  as  described  previously  [7].  Implants 
15  -2 

of  2 x 10  cm  at  250  keV  annealed  for  either  1 or  2 hours  at  900°C 
resulted  in  LED  luminous  intensities  at  10  mA  of  ~ 50  ucd.  This  value  is 
somewhat  less  than  the  maximum  luminous  intensity  found  by  Chatterjee  [7] 
of  -80  ucd  for  a multiple  Be  implant  which,  considering  the  diffusion 
discussed  in  the  next  section,  would  be  roughly  equivalent  to  a -10^ 
implant  at  290  keV  annealed  at  900°C  for  1/2  hr.  These  luminous  intensity 
valves  are  still  well  below  the  -400  pcd  at  10  mA  typically  measured  for 
commercial  Zn  diffused  devices. 

4.2.  Electrical  and  Atomic  Profiles 

In  this  section,  SIMS  Be  atomic  profiles  and  net  acceptor  distri- 
butions obtained  from  differential  resistivity  and  Hall  effect  measurements 
of  Be-implanted  GaAs^  ^ are  presented.  These  results  will  be  compared 
with  those  for  Be-implanted  GaAs  in  Sec.  4.3. 

Because  of  the  ~ 500-1000  X striations  often  present  on  the  surface 

of  VPE  GaAs0  ,P_  . , and  problems  encountered  with  the  uniformity  of  the 
1)  • D U • 4 

etch  rate  as  mentioned  in  Sec.  2.4.2,  the  experimental  uncertainties  involved 
in  profiling  Be-implanted  GaAs^  &P^  ^ are  greater  than  those  in  profiling 
GaAs.  These  uncertainties  are  reflected  in  the  larger  error  bars  on  the 


graphs  presented  in  this  section. 
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In  Fig.  4.1,  SIMS  Be  atomic  profiles  of  a 5 x 10  cm  Be  implant 

at  250  keV  before  and  after  annealing  at  900°C  for  1/2  hr  are  compared  with 

electrical  profiles  after  annealing  from  600  to  900°C.  For  this  low-dose 

case,  in  which  the  peak  implanted  Be  concentration  before  annealing  is 
18  —3 

■1  x 10  cm  , the  electrical  activation  is  observed  to  be  only  20%  of  the 

implanted  dose  for  a 600°C,  1/2  hr  anneal.  The  electrical  activation 

increases  to  60%  for  a 700°C,  1/2  hr  anneal,  and  to  90%  for  both  800  and 

900°C,  1/2  hr  anneals.  The  highest  net  acceptor  concentration  (-7  x 10  cm  ) 

occurs  for  the  800°C  anneal,  since  diffusion  at  900°C  reduces  that  distribu- 

17  -3 

tion  to  a flat  profile  with  concentration-  4.5  x 10  cm  . The  flat  dif- 
fusion profile  at  900°C  is  also  observed  in  the  SIMS  Be  atomic  distribution. 

It  appears  that  the  amount  of  indiffusion  is  somewhat  less  than  the  diffusion 
towards  the  surface,  suggesting  the  mechanism  is  damage-related. 

The  values  for  the  electrical  activation  given  in  Fig.  4.1  are  in 
agreement  with  previous  findings  published  by  Chatterjee  e£  al.  [6,7]  for 

the  annealing  of  low  dose  Be  implants  in  GaAs^.  ,0P~  OQ.  However,  the  profile 

U • 04  U. Jo 
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data  presented  by  Chatterjee  et^  al.  [6,7]  for  a 6 x 10  cm  implant  at 

250  keV  annealed  at  900°C  for  1/2  hr  has  not  been  reproduced.  This  dis- 
crepancy is  believed  to  be  due  to  the  poor  reproducibility  of  the  anodic 
oxidation  technique  [84]  and  of  the  method  of  depth  calibration  [85]  used, 
although  effects  due  to  differences  in  the  Si.^  encapsulants  may  also  be 
involved. 

15  -2 

Electrical  profiles  for  a 1 x 10  cm  fluence  of  Be  at  250  keV 


annealed  from  700  to  900°C  for  1/2  hr  are  given  in  Fig.  4.2.  These 
profiles  are  also  compared  with  the  unannealed  Be  distribution  as  determined 
by  SIMS.  In  this  high  dose  case,  the  highest  net  acceptor  concentration 
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Fig.  4.1.  Net  acceptor  concentration,  SIMS,  and  mobility  profiles 

for  the  low  fluence  implant  and  isochronal  anneals  shown. 
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Fig.  4.2.  Net  acceptor  concentration,  SIMS,  and  mobility  profiles  for 
the  high  fluence  implant  and  isochronal  anneals  shown. 
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also  occurs  for  the  800°C  anneal,  with  considerable  diffusion  taking  place 
at  900°C.  The  electrical  activations  observed  are  35%  for  a 700°C  anneal, 
60%  for  a 800°C  anneal,  and  40%  for  a 900°C  anneal.  The  decrease  in  the 
electrical  activation  for  the  900°C  anneal  is  due  to  outdiffusion  of  Be 
into  the  Si^N^  encapsulant,  which  is  also  observed  for  high  dose  Be  implants 
into  GaAs  (Sec.  3.2). 

The  higher  electrical  activation  for  the  800°C  anneal  also  occurs 
14  -2 

for  an  implant  of  5 x 10  cm  at  250  keV.  For  this  fluence,  70%  activa- 
tion is  observed  with  800°C,  1/2  hr  annealing,  and  60%  with  900°C,  1/2  hr 
annealing.  This  900°C  data  is  in  agreement  with  previous  results  reported 
by  Chatterjee  et  al.  [6,7].  However,  the  lower  activation  at  800°C  reported 
by  Chatterjee  et  al.  [6,7]  has  not  been  reproduced.  A similar  discrepancy 
was  noted  in  Sec.  3.2.1  for  the  low  temperature  annealing  of  Be-implanted 
GaAs. 

The  SIMS  unannealed  Be  profiles  in  both  Figs.  4.1  and  4.2  are 

skewed  considerably  toward  the  surface,  as  they  are  for  Be-iraplanted  GaAs 

(Sec.  3.2).  This  indicates  calculation  of  higher  order  moments  [70,71]  is 

again  necessary  to  correct  LSS  theory  and  accurately  predict  the  implanted 

profile  of  Be  in  GaAs„  ,P.  .. 

0.60.4 

The  time  dependence  of  the  900°C  diffusion  of  implanted  Be  in 

GaAs,,  ,?n  . is  shown  in  Fig.  4.3.  This  graph  compares  SIMS  Be  atomic 

U. b 0. 4 
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profiles  with  net  acceptor  distributions  for  a 1 x 10  cm  implant  at 
250  keV  annealed  for  various  times  from  5 min  to  1 hr.  The  agreement 
between  SIMS  and  electrical  measurements  is  quite  good  in  each  case, 
except  for  the  5 min  anneal,  in  which  the  net  acceptor  concentration 
appears  slightly  less  than  the  Be  atomic  concentration  near  the  peak  of 
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Fig.  4.3.  Net  acceptor  concentration , SIMS,  and  mobility  profiles 

for  the  high  fluence  implant  and  isothermal  anneals  shown. 
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the  profile.  The  measured  electrical  activation  is  65%  for  a 5 min  anneal, 
40%  for  a 1/2  hr  anneal,  and  35%  for  a 1 hr  anneal.  The  Be  continues  to 
diffuse  out  at  the  surface  and  also  diffuses  deeper  inward  with  increasing 
anneal  time.  The  electrical  profile  for  the  1/2  hr  anneal  has  a slight 
dip  at  the  surface  not  observed  in  the  SIMS  profile,  which  indicates  some 
of  the  Be  at  the  surface  is  not  electrically  active.  The  higher  Be  con- 
centration extending  - 4000  X in  from  the  surface  for  both  the  1/2  and  1 hr 

14 

anneals  is  also  observed  in  SIMS  and  electrical  profiles  of  5 x 10  and 
15  -2 

2 x 10  cm  Be  implants  at  250  keV  annealed  at  900°C  for  1/2  hr.  This 
effect  is  presumably  defect-related  and  associated  with  the  Si^N^  encapsu- 
lant  and  the  outdiffusion  of  Be. 

The  mobilities  shown  in  Figs.  4.1,  4.2  and  4.3  are  comparable  to 

those  reported  by  others  for  Be  [6,26],  Zn  [26,86,87],  Cd  [26],  and  Mg  [26] 

2 

implants  into  GaAs,,  ,P_  . . The  observed  mobilities  range  from  ~ 120  cm  /V-sec 
u. o u. 4 
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for  net  acceptor  concentrations  near  10  cm  to  40-50  cm  /V-sec  for  con- 

18  —3 

centrations  of  7--8  x 10  cm  The  lower  mobilities  measured  in 

GsASq  g Pq  ^ compared  to  GaAs  are  consistent  with  other  reports  of  lower 

hole  mobilities  in  GaP  [66,88]. 

SIMS  profiles  of  GaAs^  ^P^  ^ implanted  with  Be  to  fluences  of 
15  -2 

2-5  x 10  cm  at  250  keV  showed  anomalous  diffusion  during  annealing 
identical  to  that  observed  for  similar  dose  implants  in  GaAs  (Sec.  3.2.2). 
Multiple  peaks,  a surface  pileup  of  Be,  and  - 2ym  junction  depths  were 
observed  after  annealing  at  900°C  for  1/2  hr. 


4.3.  Comparison  with  Be-Implanted  GaAs 

In  general,  the  annealing  behavior  of  implanted  Be  in  GaAs  and 
GaASg  6PQ  ^ is  quite  similar.  However,  some  significant  differences  are 


observed. 
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In  Table  4.1,  values  for  sheet  carrier  concentration  and  Hall 
mobility  are  tabulated  for  various  fluences  of  Be-implants  into  GaAs  and 
GaASg  with  annealing  at  various  temperatures  and  times.  The 

electrical  activations  are  also  given  as  a percentage  of  the  implant  dose 
in  each  case.  The  most  notable  difference  observed  between  the  annealing 
of  Be-implanted  GaAs  and  GaAs^  ^Pq  ^ is  that  the  low  temperature  (600- 


700°C)  electrical  activation  of  implanted  Be  in  GaAs.  ,P.  . is  substantially 

U . D U . 4 


less  than  that  in  GaAs.  However,  the  electrical  activation  for  a 900°C, 


1/2  hr  anneal  is  only  slightly  less  (5-15%)  in  GaAs,,  ,P„  , . As  mentioned 

U . b U . 4 


in  Sec.  4.2  and  evident  from  Table  4.1,  the  mobilities  in  GaAs.  ,P„  . are 

U. b U. 4 


lower  by  about  a factor  of  2 compared  with  GaAs. 

The  diffusion  profiles  presented  in  Sec.  3.2  for  Be-implanted 


GaAs  can  be  compared  with  those  in  Sec.  4.2  for  Be-implanted  GaAs„  -P.  , . 

0 . b 0 . 4 
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For  the  low  fluence  of  5 x 1C  cm  at  250  keV,  profiles  in  GaAs  are  given 


in  Fig.  3.2  while  those  for  GaASg  ^P^  ^ are  shown  in  Fig.  4.1.  Different 

electrical  activations  at  600  and  700°C  are  clearly  evident:  80  and  85%, 

respectively,  for  Be  in  GaAs,  and  only  20  and  60%  for  Be  in  GaAs^  ^Pq 

The  extent  of  the  diffusion  taking  place  during  a 900°C,  1/2  hr  anneal  is 

considerably  greater  in  GaAs.  ,P.  ,.  In  GaAs,  this  implant  and  anneal 

U . O U . 4 

results  in  a profile  which  remains  Gaussian  in  shape.  However,  in 


GaAs„  .Pn  . this  anneal  gives  a flat  Be  distribution,  as  shown  in  Fig.  4.1. 
0 . O U . 4 


A similarly  flat  profile  was  observed  in  both  SIMS  and  electrical  measure- 
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ments  of  GaAs.  P for  1 and  2 x 10  cm  fluence  implants  at  250  keV 
U . o 0.4 


annealed  at  900°C  for  1/2  hr. 


A comparison  of  the  low  temperature  activation  and  diffusion 


15 


observed  for  a high  fluence  Be  implant  of  1 x 10  cm  at  250  keV  in 


I 
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GaAs  and  GaAsQ  ^Pq  ^ can  be  made  by  examining  Fig.  3.3  (GaAs)  and  Fig.  4.2 
(GaAs„  ,PA  .).  For  a 700°C,  1/2  hr  anneal,  such  an  implant  results  in 
751  electrical  activation  in  GaAs,  but  only  35%  in  GaAs^  ^P^  ^ However, 

for  an  800°C,  1/2  hr  anneal,  the  electrical  activation  is  50%  in  GaAs  and 

60%  in  GaASg  ^Pq  The  decrease  in  activation  for  Be-implanted  GaAs  at 

this  anneal  temperature  is  due  to  outdif fusion  of  Be  into  the  encapsulant. 

Strangely,  the  diffusion  of  implanted  Be  at  800°C  is  less  in  GaAs,,  ,PA  , 

U . O U • 4 

than  in  GaAs,  although  the  tail  on  the  700°C  profile  in  Fig.  4.2  for 
GaASg  ^Pq  ^ extends  deeper  than  the  corresponding  tail  in  Fig.  3.3  for 
GaAs. 

The  annealing  behavior  of  implanted  Be  at  900°C  in  this  high 
15  -2 

fluence  (1  x 10  cm  at  250  keV)  case  is  found  by  comparing  Fig.  3.4 

(GaAs)  with  Fig.  4.3  (GaAs„  ,P„  ,).  For  a 5 min  anneal,  the  electrical 

activation  in  both  materials  is  65%,  although  a slightly  higher  peak 

concentration  and  less  diffusion  is  observed  in  Fig.  4.3  for  Be-implanted 

GaAs_  ,PA...  However,  the  outdif  fusion  oJ  Be  at  the  surface,  once  it 

begins  to  take  place,  appears  to  be  greater  with  GaAs„  ,P„  In  GaAs 

the  electrical  activation  is  50%  of  the  implanted  dose  after  a 1/2  hr 

anneal,  and  40%  after  a 1 hr  anneal.  The  corresponding  activation  in 

GaAs„  -P-  . is  40%  after  1/2  hr  and  35%  after  1 hr.  These  anneals  both 

result  in  a - 4000  X deep  Be  peak  near  the  surface  in  GaAs„  ,P.  . , an 

0.6  0.4 

effect  not  observed  in  GaAs.  The  extent  of  the  indiffusion  in  both  cases 

is  nearly  identical,  however.  The  extremely  rapid  diffusion  (a  900°C 

—8  2 19  —3 

diffusion  coefficient  of  2 x 10  cm'/sec  for  10  cm  Be  concentrations) 

previously  reported  for  Be  in  GaP  [89]  is  not  observed  for  either  Be- 

implanted  GaAs  or  GaAs . P . 

U . o U • 4 
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The  unusual  annealing  properties  observed  for  Be-implanted 
GaAs,,  P , compared  to  Be-lmplanted  GaAs  may  be  due  to  a greater  dependence 
of  the  electrical  activation  and  diffusion  on  temperature,  defect,  and  sur- 
face-related effects  in  the  ternary.  However,  it  is  clear  from  the  close 
agreement  between  SIMS  and  electrical  measurements  for  900°C,  1/2  hr  anneals 

that,  in  spite  of  substantial  diffusion  for  all  fluences  into  GaAs,,  ,Pn  , 

0.6  0.4 

studied,  and  the  concentration-dependent  diffusion  observed  for  Be-implanted 
GaAs,  nearly  all  (85-100%)  of  the  Be  remaining  after  the  anneal  is  electri- 


cally active  for  both  materials. 


o 1 


5.  ANNEAUNC  STUDIES  OF  Be -DOPED  MBE  GaAs 


I legems  (28|  has  recently  demonstrated  the  feasibility  of  molec- 
ular beam  epitaxial  (MBE)  growth  of  p-tvpe  GaAs  using  Be  doping.  A unltv 

sticking  coefficient  was  observed,  and  net  acceptor  concentrations  of  up 

19  .3 

to  5 x 10  cm  were  obtained.  Mobilities  were  comparable  with  values 
measured  in  p-GaAs  grown  by  other  techniques.  MBE-grown  p-n  Junctions 
fabricated  using  Be  as  the  p-dopant  were  found  to  have  promising  current- 
voltage  character  1st ics . 

Annealing  experiments  [28]  on  Be-doped  MBE  GaAs  have  established 

-15  2 o 

a verv  low  diffusion  coefficient  of  * 10  cm  /sec  at  800  C for  Be  concen 

tratlons  near  10 ' ^ cm  '.  this  diffusion  is  one  order  of  magnitude  slower 

than  found  for  Zn,  if  the  800°C  Zn  diffusion  coefficients  given  by 

17  -3 

Gasev  fit,  a_(.  [90]  are  extrapolated  to  a concent  ration  of  ~ 10  cm 

Hie  Be  diffusion  was  Independent  of  the  As  overpressure  used,  suggesting 

the  mechanism  mav  be  different  from  that  observed  for  Zn  in  GaAs . It  has 

been  shown  that  the  diffusion  coefficient  of  Zn  in  GaAs  is  inversely 

proportions  l to  the  fourth  root  ot  the  As,  overpressure  under  As-rleh 

*♦ 

diffusion  conditions  (73).  However,  It  should  be  mentioned  that  such  As 
pressure  dependence  is  also  associated  with  the  indlffusion  of  Zn  from 
an  outside  source,  and  mav  not  be  applicable  to  the  diffusion  within  an 
MBE-grown  laver. 

Of  particular  Interest  to  the  present  work  is  the  comparison  of 
the  annealing  behavior  of  Be  Incorporated  during  the  MBE  growth  process 
with  Implanted  Be  in  GaAs . rhe  annealing  of  MBE-grown  Be  concentrations 
above  2 x 10^  cm  ' has  not  been  studied  prior  to  the  present  work 
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because  of  the  limitations  of  the  differential  capacitance -vo 1 tage  tech- 
nique [91]  in  profiling  heavily-doped  layers.  Differential  resistivity 
and  Hall  effect  measurements  and  SIMS  are  well  suited  for  the  study  of 
higher  doping  concentrations,  and  therefore  have  been  used  in  this  work. 

All  the  MBE  samples  investigated  here  were  grown  by  M.  Ilegems  of  Bell 
Laboratories . 

5.1.  Annealing  of  a Buried  Rectangular  Be  Distribution 

A major  advantage  of  MBE  is  the  capability  to  fabricate  rapidly 
varying  doping  profiles.  An  example  of  a Be-doped  "buried  spike"  grown 

by  MBE  is  shown  in  Fig.  5.1.  This  structure  consists  of  a heavily  Be- 

• • 

doped  region  ~ 3200  A wide  centered  at  4800  A,  with  lightly  Be-doped 
regions  on  both  sides.  This  structure  was  grown  on  a lightly  doped  n-tvpe 
MBE  GaAs  layer.  In  this  figure,  SIMS  Be  atomic  distributions  are  compared 
with  electrical  profiles  before  and  after  annealing  at  900°C  for  1/2  hr 
with  Si^N^  encapsulation.  In  the  absence  of  an  absolute  SIMS  calibration 
of  Be  concentration,  the  electrical  data  are  used  for  this  calibration. 

The  SIMS  data  are  plotted  with  the  electrical  data,  assuming  the  peak 
concentrations  of  the  as-grown  profiles  are  equal  for  the  two  types  of 
measurement.  As  is  evident  from  Fig.  5.1,  some  diffusion  of  the  Be  has 
occurred  during  the  900°C  anneal,  but  the  peak  concentration  has  not 

changed  drastically.  The  peak  net  acceptor  concentration  before  annealing 

19  -3  19  -3 

was  ~ 3.3  x 10  cm  , compared  with  ~ 2.1  x 10  cm  following  the  anneal. 

This  concentration  is  about  5 times  the  maximum  Be  concentration  observed 

for  implanted  Be  in  GaAs  after  an  identical  900°C,  1/2  hr  anneal.  The  SIMS 

and  electrical  profiles  of  the  annealed  samples  agree  reasonably  well, 

although  the  electrical  data  appear  to  show  slightly  more  diffusion. 


Mobility  (cm2/V-sec)  Concentration  (cm-3) 
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The  mobilities  corresponding  to  the  as-grown  and  annealed  pro- 
files are  also  plotted  in  Fig.  5.1.  The  observed  mobilities  compare 

exceptionally  well  with  hole  mobilities  found  experimentally  for  GaAs 

2 

grown  by  other  techniques  [66] , and  range  from  75-85  cm  /V-sec  for 

19  -3  2 

acceptor  concentrations  of  2-3  x 10  cm  to  ~ 200  cm  /V-sec  for  con- 

17  -3 

centrations  of  ~ 5 x 10  cm  . These  values  are  also  in  agreement  with 
mobilities  reported  previously  for  Be-doped  MBE  GaAs  [28]. 

The  diffusion  profile  in  Fig.  5.1  appears  to  be  roughly  Gaussian 
in  shape,  hence  a standard  diffusion  coefficient  calculation  can  be  made. 
The  equation  describing  the  diffusion  with  time  of  an  initially  rectangular 
distribution  of  width  2w  and  peak  concentration  Cq  centered  at  x = 0 is 
given  by  [92] 

c»  - 

where  C is  the  concentration  at  depth  x,  D is  the  diffusion  coefficient, 

and  t is  time.  In  Appendix  3,  a computer  program  that  performs  the 

calculation  given  by  Eqn.  (5.1)  for  arbitrary  diffusion  coefficients  and 

times  is  presented.  This  program  was  used  to  generate  diffusion  profiles, 

shown  in  Fig.  5.2,  for  the  initially  rectangular  distribution  given  in 

Fig.  5.1.  By  comparing  the  diffusion  profiles  in  Figs.  5.1  and  5.2,  a 

good  estimate  of  the  diffusion  coefficient  can  be  made.  The  SIMS  data 

-14  2 

in  Fig.  5.1  correspond  to  a diffusion  coefficient  of  ~ 5 x 10  cm  /sec, 

while  the  electrical  data  correspond  to  a diffusion  coefficient  of 
-13  2 

~ 1 x 10  cm  /sec.  Therefore,  the  diffusion  coefficient  of  Be  in  MBE 
o - 12  2 

GaAs  at  900  C is  - 0.5-1  x 10  crn  /sec  for  the  Be  concentration  range 
19  -3 

of  ~ 0.2-3  x 10  cm  . This  value  is  two  orders  of  magnitude  lower  than 


Concentration  (cm-3) 


Diffusion 

Coefficients  (cm2/sec) 
1/2  hr. 
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2 5x10-13 
21  1 X 10-12 
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Fig.  5.2.  Theoretical  diffusion  profiles  of  an  initially  rectangular 
distribution  for  the  diffusion  coefficients  shown. 
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the  diffusion  coefficient  found  for  implanted  Be  in  GaAs  as  given  by 

Fig.  3.11  in  Sec.  3.2.4.  From  Fig.  3.11,  an  implanted  Be  concentration 

19  -3  -11  2 

of  2-3  x 10  cm  would  have  a diffusion  coefficient  of  ~ 10  cm  /sec 

at  900°C.  Such  a large  difference  between  the  diffusion  coefficients 

for  implanted  and  MBE-grown  Be  clearly  indicates  a different  diffusion 

process  is  involved  in  these  two  cases. 

Electrical  profiles  were  also  obtained  after  800°C,  1/2  hr 

anneals  of  the  same  MBE-grown  distribution  described  in  Fig.  5.1.  The 

-14  2 

diffusion  coefficient  at  this  temperature  is  0.5-1  x 10  cm  /sec, 

which  is  5-10  times  higher  than  reported  by  Ilegems  [28]  for  much  lower 

17  -3 

Be  concentrations  of  — 10  cm  This  indicates  some  concentration 
dependence  of  the  diffusion  of  MBE-grown  Be  in  GaAs.  However,  it  should 
be  noted  that  this  concentration  dependence  is  substantially  less  than 
the  square -law  dependence  described  in  Sec.  3.2.4  for  implanted  Be  in 
GaAs . 

To  ensure  that  the  diffusion  described  in  Chapter  3 for  implanted 
Be  in  VPE  GaAs  was  not  a substrate-related  effect,  Be  implants  were  also 
performed  into  undoped  MBE  GaAs  layers.  SIMS  and  electrical  profiles  of 
Be-implanted  and  annealed  MBE  samples  were  identical  to  those  obtained 
for  VPE  material. 

To  investigate  the  possibility  that  the  diffusion  of  Be  is 

15  -2 

damage  dependent,  a helium  implant  of  1 x 10  cm  at  130  keV  was 
performed  on  unannealed  samples  with  the  same  buried  rectangular  Be  dis- 
tribution shown  in  Fig.  5.1.  Helium  was  chosen  since  it  is  an  inert  atom 
and  can  be  implanted  deep  enough  to  create  damage  throughout  the  ~ 1 um 
thick  Be-doped  MBE  layer.  The  implant  used  corresponds  to  a peak  implanted 
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He  concentration  of  ~ 2 x 10  cm  at  a projected  range  of  — 7500  A.  Both 

SIMS  and  electrical  profiles  performed  on  these  He-damaged  samples  after 

900°C,  1/2  hr  annealing  indicated  no  significant  change  in  the  diffusion 

behavior  from  that  observed  for  unimplanted  samples  annealed  in  the 

same  manner.  In  5°K  photoluminescence  measurements  performed  on  these 

samples,  a four-fold  decrease  in  the  integrated  intensity  of  the  Be- 

related  luminescence  was  observed  in  the  He -implanted  and  annealed  samples 

compared  to  unimplanted  but  identically  annealed  samples.  Thus  significant 

lattice  damage  resulted  from  the  He  implant.  The  fact  that  no  significant 

increase  in  Be  diffusion  was  observed  in  the  presence  of  such  damage 

strongly  suggests  that  the  diffusion  of  Be,  whether  introduced  during 

growth  by  MBE  or  implanted,  is  not  simply  related  to  damage.  This 

experiment  is  not  completely  definitive,  however,  in  that  damage  from  the 

He  implant  only  approximates  the  type  and  extent  of  damage  caused  by 

implantation  of  Be. 

5.2.  Annealing  of  a Thin  Be-Doped  Surface  Layer 

Figure  5.3  illustrates  SIMS  and  electrical  profiles  of  Be  grown 

o 

in  a — 3500  A deep  surface  layer  on  an  undoped  MBE  layer.  The  concentra- 

19  -3 

tion  of  Be  in  the  surface  layer  is  ~ 2 x 10  cm  . This  graph  compares 

the  Be  profiles  before  and  after  annealing  at  900°C  for  1/2  hr,  and  also 

shows  a SIMS  profile  of  a He-damaged  sample  annealed  similarly.  A double 

15  -2 

He  implant  was  employed,  composed  of  1.5  x 10  cm  at  220  keV  followed 
15  -2 

by  1 x 10  cm  at  90  keV.  This  implant  was  designed  to  result  in  an 

19  -3 

essentially  flat  He  distribution  of  2 x 10  cm  to  a depth  of  ~ 1.2  urn. 
The  SIMS  data  were  not  calibrated  in  terms  of  absolute  Be  concentration. 
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Ftg.  5.3.  Comparison  of  net  acceptor  concentration  and  SIMS  profiles 
for  an  MBE-grown  Be-doped  surface  layer  before  and  after 
a 900*C,  1/2  hr  anneal.  A SIMS  profile  after  a helium 
damage-implant  and  similar  anneal  is  also  shown. 
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and  are  therefore  plotted  with  the  electrical  data  points  by  assuming  the 
peak  concentrations  are  equal. 

Unlike  Fig.  5.1,  where  reasonably  close  agreement  between  SIMS 
and  the  electrical  data  was  observed,  the  profiles  in  Fig.  5.3  exhibit 
substantial  differences.  The  electrical  data  for  the  900°C,  1/2  hr 
anneal  show  a considerably  lower  net  acceptor  concentration  in  the 

o 

~ 4000  A region  near  the  surface  and  somewhat  deeper  indiffusion  than  the 
SIMS  profile.  The  reason  for  this  discrepancy  is  not  clear.  The  apparent 
compensation  near  the  surface  may  be  related  to  the  encapsulant.  The 
deeper  indiffusion  of  the  electrical  profile  suggests  that  other  acceptors 
besides  Be  may  be  present.  A slightly  deeper  indiffusion  was  also  noted 
for  the  electrical  profile  in  Fig.  5.1.  Even  though  some  uncertainty 
exists  in  interpreting  the  electrical  data,  the  SIMS  Be  atomic  profiles 
in  Figs.  5.1  and  5.3  show  roughly  similar  redistribution  behavior.  Both 
figures  indicate  the  900°  diffusion  coefficient  of  MBE-grown  Be  in  GaAs 
is  substantially  less  than  that  observed  for  implanted  Be. 

As  shown  by  the  SIMS  profile  in  Fig.  5.3  for  the  He -implanted 
sample,  damaging  the  crystal  lattice  does  not  significantly  affect  the 
indiffusion  of  the  Be.  However,  the  lower  concentration  at  the  surface 
observed  after  annealing  the  He-implanted  sample  suggests  that  outdiffusion 
into  the  encapsulant  is  enhanced  by  lattice  damage.  However,  as  mentioned 
in  Sec.  5.1,  it  is  not  clear  that  the  damage  resulting  from  such  a He 
implant  is  equivalent  to  that  accompanying  a Be  implant. 

Photoluminescence  (5°K)  measurements  performed  on  the  as -grown 
sample  of  Fig.  5.3  indicated  the  presence  of  a luminescence  peak  centered 
at  1.474  eV  in  addition  to  the  usual  band-to-acceptor  luminescence  at 
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1.493  eV  associated  with  Be.  These  two  luminescence  peaks  were  approxi- 
mately of  equal  intensity.  The  lower  energy  peak  (1.474  eV)  corresponds 
to  a center  with  a binding  energy  of  ~ 47  meV,  which  is  too  deep  to  be 
any  known  simple  acceptor  [93].  Presumably  this  peak  is  defect-related, 
since  its  intensity  diminishes  by  a factor  of  ~ 10  after  annealing  at 
900°C  for  1/2  hr.  The  discrepancy  found  between  electrical  measurements 
and  SIMS  in  Fig.  5.3  may  be  associated  with  this  defect. 
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5.3.  Annealing  of  a Thick  Be -Doped  Layer 

In  Fig.  5.4,  SIMS  and  electrical  profiles  of  a 1.4  utn  thick 

heavily  Be -doped  MBE  layer  grown  on  an  undoped  MBE  layer  are  compared 

before  and  after  annealing  at  900°C  for  l/2  hr.  In  this  graph,  the  SIMS 

data  were  calibrated  by  comparing  with  SIMS  measurements  of  an  unannealed 
15  -2 

1 x 10  cm  Be  implant  at  250  keV  into  undoped  MBE  GaAs . Such  an  implant 

19  -3 

corresponds  to  a peak  Be  concentration  of  2 x 10  cm 

Figure  5.4  shows  substantial  differences  between  the  SIMS  Be 

atomic  profiles  and  the  net  acceptor  distributions  found  from  electrical 

measurements,  as  was  the  case  in  Fig.  5.3.  For  the  unannealed  profile, 

19  -3 

electrical  data  indicate  the  net  acceptor  concentration  is  ~ 4 x 10  cm  , 

19  -3 

while  the  SIMS  data  correspond  to  a Be  concentration  of  ~ 5.5  x 10  cm 

This  suggests  that  not  all  of  the  Be  is  electrically  active  for  such 

high  Be  concentrations.  In  the  annealed  profile,  the  SIMS  Be  concentration 

19  -3 

has  dropped  considerably,  to  ~ 3 x 10  cm  , and  a large  pileup  of  Be 
is  observed  at  the  surface.  Strangely,  the  SIMS  data  indicate  no 
significant  indiffusion  of  the  Be,  although  the  outdiffusion  is  sub- 


stantial. In  contrast  to  the  SIMS  data,  the  electrical  profiles  in 
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Fig.  5.4.  Comparison  of  net  acceptor  concentration  and  SIMS 

profiles  for  a Be-doped  MBE  layer  before  and  after  a 
900°C,  1/2  hr  anneal. 
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Fig.  5.4  show  only  a slight  decrease  in  peak  concentration  with  the  anneal, 

and  a significant  amount  of  indiffusion.  The  peak  net  acceptor  concen- 

19  3 19  3 o 

tration  changes  from  ~ 4 x 10  cm  to  ~ 3.5  x 10  cm  after  the  900  C 

anneal.  The  tail  on  the  distribution  moves  from  ~ 1.4  Mm  initially  to 

~1.S  um  after  the  anneal.  The  extent  of  this  indiffusion  is  consistent 

with  that  observed  for  the  electrical  data  in  Figs.  5.1  and  5.3.  The 

substantial  differences  between  the  SIMS  and  electrical  data  are  not 

understood,  and  may  be  due  in  part  to  measurement  uncertainties.  Since 

all  three  cases  presented  in  Figs.  5. 1-5. 4 exhibit  a noticeably  deeper 

indiffusion  of  acceptors  than  is  observed  for  atomic  Be,  the  possibility 

exists  that  there  are  other  acceptors  besides  Be  involved. 

Electrical  profiles  for  700,  300,  and  900°C,  1/2  hr  anneals  are 

compared  in  Fig.  5.5  for  the  same  MBE  layer  shown  in  Fig.  5.4.  The 

electrical  carrier  concentration  is  observed  to  decrease  slightly  as  the 

annealing  temperature  is  increased.  The  diffusion  front  is  also  observed 

to  move  steadily  inward,  to  ~ 1.6  um  for  an  800°  anneal,  and  to  ~ 1.8  um 

for  a 900°  anneal.  The  mobilities  of  all  samples  studied  are  ~ 70-80 
2 

cm“/V-sec,  which  is  in  agreement  with  previously  reported  values  [28]. 

As  has  been  observed  in  the  other  MBE  samples  described 

previously  in  this  chapter,  the  diffusion  of  Be  in  the  samples  of  Figs.  5.4 

and  5.5  does  not  appear  to  be  enhanced  by  He  implant  damage.  Electrical 

15  -2 

profiles  obtained  after  implanting  a He  fluence  of  2 x 10  cm  at  250  keV 
and  annealing  at  900°C  for  1/2  hr  actually  showed  slightly  less  Be  in- 
diffusion. The  junction  depth  after  the  implant  and  anneal  was  ~ 1.6  um, 
compared  to  ~ 1.8  urn  found  for  unimplanted  but  identically  annealed  samples. 


Net  Acceptor  Concentration  ( cm- 3 ) 
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Photo luminescence  (5°K)  spectra  on  unannealed  samples  from  the 
same  wafer  from  which  the  profiles  in  Figs.  5.4  and  5.5  were  obtained 
exhibited  a broad  luminescence  band  peaked  at  1.463  eV , containing  the 
Re-related  luminescence  at  1.493  eV  as  a small  shoulder.  A similar  low 
energy  peak  at  1.474  eV  was  notod  in  the  photo  luminescence  spectra  for 
the  MBK  sample  discussed  in  Sec.  5.2.  The  peak  at  1.463  eV  corresponds 
to  a binding  energy  of  ~ 58  meV , which  also  is  too  deep  to  be  a simple 
acceptor,  and  is  therefore  presumed  to  be  defect -related. 

The  discrepancies  between  SIMS  Be  atomic  profiles  and  electri- 
cally active  carrier  distributions  observed  in  heavily  Be-doped  MBK  layers 
may  be  associated  with  the  unusual  low  energy  photo  luminescence  peaks 
observed  in  these  materials.  However,  measurement  uncertainties  cannot  be 
ruled  out . The  indiffusion  observed  in  the  electrical  data  appears  to  be 
consistent  for  all  three  cases  studied  in  this  chapter.  The  SIMS  data 
presented  in  Figs.  5.1  and  5.3  are  also  consistent,  although  the  diffusion 
appears  to  be  slightly  less  than  that  observed  in  the  electrical  profiles. 
Despite  these  uncertainties,  it  is  clear  that  the  diffusion  of  Be 
Incorporated  during  growth  by  MBE  is  substantially  less  than  that  observed 
for  implanted  Be  in  GaAs . 
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b.  SUMMARY  AND  CONCLUSIONS 


In  this  work,  differential  resistivity  and  Hall  effect  measure- 
ments, secondary  ion  mass  spectrometry  (SIMS),  and  low  temperature  (5°K) 
photoluminescence  have  been  used  to  study  and  compare  the  annealing  behavior 

of  bervllium-lmplanted  CaAs  and  GaAs,.,  P,  , , and  the  diffusion  of  beryllium 

O.b  0. 4 

incorporated  during  the  growth  process  by  molecular  beam  epitaxy  (MBE) . In 
the  following  sections  the  results  and  conclusions  of  this  work  are  summarised, 
and  recommendations  for  further  studies  are  noted. 


6.1.  Be-Implanted  GaAs 

Photoluminescence  studies  of  Be-implanted  GaAs,  as  reported 
previously  by  Chatterjee  et^  aT.  [2]  and  further  substantiated  by  this  work, 
indicate  an  anneal  temperature  of  900°C  using  appropriate  Si^N^  encapsula- 
tion results  In  optimum  Be  optical  activation  and  lattice  recovery.  The 
increase  in  Integrated  intensity  of  the  Be-related  luminescence  band  at 

1.493  eV  for  anneals  between  bOO  and  900°C  becomes  even  more  pronounced 

13  -2 

for  Implant  fluences  above.  5 x 10  cm  at  250  keV.  For  heavy  dose  implants 
15  -2 

(2_  1-  x 10  cm  at  250  keV)  , some  residual  lattice  damage  may  be  unannealable 
even  at  900JC.  Annealing  temperatures  above  900 °C  were  not  Investigated  in 
this  work  because  of  problems  with  the  Si ^ encapsulant  at  such  tempera- 
tures, such  as  indiffusion  of  Si  from  the  encapsulant  [b7,94]. 

The  optimum  annealing  time  at  900°C  is  a trade-off  between  the 
reliability  of  the  Si^N,  encapsulant  used  and  the  slight  increase  in 
luminescence  observed  for  longer  anneal  times.  In  this  work,  a 1/2  hr 


anneal  appeared  to  be  the  best  compromise.  Further  work  Is  necessary  to 
investigate  the  possibility  and  effect  of  Indiffusion  of  St  or  N from  the 
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Si.jN,  encapsulant  during  the  anneal.  Complications  arising  from  the  out- 
diffusion  of  Be  into  the  encapsulant  during  the  anneal  of  high  dose  implants 
must  also  be  considered. 

A heavily  f luence-dependent  diffusion  of  implanted  Be  in  GaAs  is 

13  -2 

observed.  For  low  fluences  (<  5 x 10  cm  at  250  keV) , no  significant 

diffusion  occurs  during  annealing  up  to  900°C,  and  the  highest  electrical 

activation  (90-100X)  occurs  at  900°C.  However,  for  high  fluences 
14  -2 

(>  5 x 10  cm  at  250  keV) , substantial  diffusion  is  observed  at  anneal 
temperatures  800°C,  resulting  in  an  apparent  maximum  in  electrical 

I 

activity  (~752)  near  700°C.  The  decreased  activation  at  higher  anneal 

temperatures  is  due  to  outdiffusion  of  the  implanted  Be  into  the  Si^N^ 

encapsulant.  The  extent  of  the  outdiffusion  is  dependent  on  the  Be 

concentration  near  the  surface  during  the  anneal,  and  is  most  pronounced 
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when  the  surface  concentration  exceeds  1 x 10  cm  The  excellent 

agreement  found  between  electrical  and  atomic  profiles  demonstrates  that, 

although  considerable  outdiffusion  of  Be  occurs  for  higher  dose  implants, 

85-100"  of  the  Be  present  after  annealing  is  electrically  active. 

The  excellent  mobilities  (up  to  300  cmVV-sec  for  Be  concentra-  ■ I 
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tions  of —10  cm  ) and  the  high  electrical  activation  efficiencies 
observed  for  600-700°C  anneals  indicate  the  requirements  for  electrical 
activation  of  Be-implanted  GaAs  are  much  less  stringent  than  those  for 
efficient  luminescence.  For  applications  in  which  only  electrical  activa- 
tion is  desired,  low  anneal  temperatures  of  600-700°C  may  be  sufficient. 

However,  the  photoluminescence  results  indicate  that  optoelectronic  devices 
fabricated  with  Be  implantation  will  require  an  anneal  temperature  of  900°C 
for  successful  removal  of  residual  lattice  damage.  Therefore,  depending 


on  the  desired  application,  both  the  annealing  time  and  temperature  may 
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have  to  be  adjusted  to  result  in  optimum  device  performance. 

The  outdiffusion  of  Be  at  the  GaAs  surface  is  also  observed  for 
anneals  performed  without  Si^N^  encapsulation  in  evacuated  sealed  ampoules 
under  Ga-liquidus  equilibrium  conditions  (excess  Ga  and  GaAs).  Electrical 
profiles  indicate  diffusion  behavior  identical  to  that  observed  with 
Si^N^  encapsulation.  Further  studies  of  the  outdiffusion  and  possible 
pileup  of  Be  at  the  surface  are  necessary.  Additional  information  may  be 
gained  by  varying  the  partial  pressures  of  Ga  and  As  in  sealed  ampoule 
anneals  [73],  or  experimenting  with  other  encapsulants  [94]. 

It  is  difficult  to  distinguish  between  concentration  and  defect- 
dependent  diffusion  effects  because  of  the  increased  lattice  damage 
accompanying  higher  dose  implants.  However,  a two-step  anneal  does  not 
reduce  the  diffusion  of  implanted  Be  at  900°C.  In  this  method,  a long 
anneal  (1-2  hr.)  at  a low  temperature  (600-700°C)  is  first  done  to 
electrically  activate  most  of  the  implanted  Be,  and  then  is  followed  by 
a 900°C,  1/2  hr  anneal.  Implants  into  heated  (350°C)  substrates,  in  which 
some  annealing  would  be  expected  to  take  place  during  the  implant,  also 
do  not  significantly  affect  the  diffusion  of  the  implanted  Be.  These 
results  demonstrate  the  diffusion  is  not  simply  damage  related.  The  sharp 
diffusion  fronts  observed  in  both  SIMS  and  electrical  profiles  of  higher 
dose  implants  annealed  at  900°C  are  indicative  of  a concentration-dependent 
diffusion.  First  order  estimates  of  the  diffusion  coefficient  of  implanted 
Be  at  900°C  (Fig.  3.11)  suggest  the  diffusion  coefficient  is  proportional 
to  the  square  of  the  Be  concentration.  The  measured  diffusion  coefficients 

range  from  10  ^ cm^/sec  for  Be  concentrations  of  ~ 5 x 10^  cm  \ to 
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10  cm  /sec  for  concentrations  of  2 x 10  cm  . However,  considering 
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the  substantially  lower  diffusion  coefficient  observed  with  MBE-grown  Be- 
doped  GaAs  (Chap.  5),  defect-enhanced  migration  effects  cannot  be  ruled 
out.  Although  not  presently  understood,  the  diffusion  mechanism  for  implanted 
Be  in  GaAs  apparently  involves  a complex  combination  of  defect  and  concen- 
tration-dependent effects. 

The  data  presented  here  can  form  the  basis  for  future  theoretical 
and  experimental  work  on  the  subject  of  Be  diffusion  in  GaAs.  The  fact 
that  both  Zn  and  Be  diffusion  appear  to  have  a square-law  concentration- 
dependence  is  intriguing.  It  is  not  known  if  this  is  merely  coincidental 
or  indicative  of  a basic  similarity  in  the  diffusion  mechanisms  involved. 

An  interesting  experiment  in  this  regard  would  be  to  perform  the  anneal 
with  the  sample  in  an  electric  field,  and  determine  the  charge  state,  if 
any,  of  the  diffusing  Be. 

The  diffusion  coefficient  for  implanted  Be  at  900°C  is  approxi- 
mately two  orders  of  magnitude  lower  than  that  reported  for  diffused  Zn  in 
GaAs  (Sec.  3.2.4).  However,  further  studies  similar  to  that  described  in 
refs.  [11-12]  are  necessary  to  more  thoroughly  characterize  the  lateral 
diffusion  properties  of  implanted  Be.  The  extremely  low  leakage  currents, 
high  breakdown  voltages,  and  greatly  reduced  lateral  diffusion  that  have 
been  reported  [4,12,14]  for  p-n  junctions  fabricated  by  Be  implantation 
in  GaAs  clearly  indicate  that  device  quality  p-type  layers  are  obtainable. 

6.2.  Be-Implanted  GaAs..  ,Prt  , 

0.6  0.4 

In  general,  the  annealing  behavior  of  implanted  Be  in  GaAs,.  P_  . 

0 . b 0.4 

is  very  similar  to  that  in  GaAs.  The  most  notable  difference  between  the 
annealing  of  the  two  materials  is  that  low  temperature  (600-700°C)  electrical 

activation  of  implanted  Be  in  GaAs_.  ,P„  . 

0.60.4 


is  substantially  less  than  that 
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in  GaAs.  However,  the  electrical  activation  for  a 900°C,  1/2  hr  anneal 

is  only  slightly  less  (5-152)  in  GaAs.  , . Although  the  extent  of  the 

U.o  0.4 

indiffusion  of  Be  during  a 900° C anneal  is  nearly  identical  for  both  GaAs 

and  GaAs-  ,P_  . , the  outdiffusion  of  Be  into  the  Si.N.  encapsulant  is 
0.60.4  34 

slightly  greater  in  GaAs.  ,P_  , , and  results  in  the  lower  electrical  activa- 

0 . b 0.4 
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tion  measured.  Even  a low  fluence  of  5 x 10  cm  at  250  keV  into  GaAs„  . 

0.6  0.4 

results  in  a completely  flat  distribution  after  900°C  annealing,  while  an 

identical  implant  and  anneal  in  GaAs  gives  a profile  still  roughly  Gaussian 

in  shape.  The  excellent  agreement  observed  between  SIMS  and  electrical 

profiles  in  GaAs  and  GaAs.  ,P.  . indicates  that,  in  spite  of  the  substantial 

U • b U » 4 

diffusion  which  is  observed  for  all  the  fluences  into  GaAs.  ,P.  , studied 

0.6  0.4 

in  this  work,  nearly  all  (85-100%)  of  the  Be  remaining  after  the  anneal  is 

electrically  active  for  both  materials. 

Some  aspects  of  the  annealing  behavior  of  Be-implanted  GaAs^  ^P^  ^ 

are  peculiar  compared  to  Be-implanted  GaAs.  The  diffusion  of  implanted  Be 

at  800°C  is  less  in  GaAs„  .P.  . than  in  GaAs,  although  the  reverse  appears 

0 . o U . 4 

to  be  true  at  700°C.  For  900°C  anneals  of  low  fluence  implants  in 

GaAs.  ,P_.  . , the  diffusion  of  Be  towards  the  surface  is  noticeablv  greater 

0. b 0. 4 
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than  the  indiffusion  into  the  substrate.  Higher  fluences  (>  5 x 10  cm  ) 
at  250  keV  annealed  at  900°C  for  1/2  hr  result  in  a significant  Be  peak 
in  the  ~ 4000  X region  next  to  the  surface,  an  effect  not  observed  in  GaAs. 

The  unusual  annealing  properties  of  Be-implanted  GaAs^  ^Pg  ^ compared  to 
Be-implanted  GaAs  are  presumably  due  to  a greater  dependence  of  the 
electrical  activation  and  diffusion  on  temperature,  defect,  and  surface- 
related  effects  in  the  ternary. 

The  hole  mobilities  observed  for  Be-implanted  GaAs^  ^ 


are 
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comparable  to  those  reported  for  Zn  implants  into  GaAs.  ,Prt  . [26,86,87]. 

2 

The  observed  mobilities  range  from  ~ 120  cm  /V-sec  for  concentrations 

17  —3  2 18  -3 

near  10  cm  to  40-50  cm  /V-sec  for  concentrations  of  7-8  x 10  cm 

These  mobilities  are  a factor  of  2 or  more  below  those  for  similar  hole 

concentrations  in  GaAs. 

Photoluminescence  (5°K)  measurements  show  annealing  behavior 
for  Be-implanted  GaAs-.  ,P„  . similar  to  that  observed  for  Be-implanted 
GaAs.  As  reported  previously  by  Chatterjee  et  al.  [5],  an  anneal  tempera- 
ture of  900°C  using  Si.^  encapsulation  is  necessary  for  optimum  Be  optical 
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activation  and  lattice  recovery.  High  fluence  implants  (>  1 x 10  cm 
at  250  keV)  result  in  some  residual  lattice  damage  which  may  be  unanneal- 
able  even  at  900°C.  This  was  reflected  in  the  lower  performance  of  Be- 
implanted  red  LEDs  fabricated  in  this  work  compared  to  those  made 
previously  [7,17]  by  lower  fluence  Be  implantation. 

Device  quality  p-n  junctions  and  greatly  reduced  lateral  dif- 
fusion have  been  reported  for  Be-implanted  GaAsn  ,P.  . [7,11,15,17].  Further 
studies,  similar  to  those  mentioned  in  Sec.  6.1  for  Be-implanted  GaAs,  would 
be  helpful  to  fully  exploit  the  potential  of  Be  implantation  in  GaAs^  ^P^ 

6.3.  Be-Doped  MBE  GaAs 

Two  dramatic  differences  in  the  annealing  behavior  of  Be  incorporated 

during  the  growth  process  by  MBE  and  implanted  Be  in  GaAs  are  observed.  Much 

higher  electrically  active  Be  concentrations  can  be  achieved  with  MBE,  and 

a substantially  lower  diffusion  coefficient  at  900°C  is  observed  for  MBE- 

grown  Be  compared  to  implanted  Be.  For  Be-doped  MBE  GaAs,  a peak  net 

19  -3 

acceptor  concentration  of ~ 3.5  x 10  cm  is  obtainable  even  after  a 900°C, 

1/2  hr  anneal.  This  doping  level  is  approximately  one  order  of  magnitude 
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higher  than  can  be  achieved  with  Be  implantation  and  similar  annealing. 

The  diffusion  coefficient  of  MBE-grown  Be  in  GaAs  at  900°  is 
-13  2 

” 0.5  ■ 1 x 10  cm  /sec  for  the  Be  concentration  range  of 
19  -3 

~0.2  - 3 x 10  cm  . This  value  is  two  orders  of  magnitude  lower  than 

the  diffusion  coefficient  observed  for  Be-implanted  GaAs  for  concen- 
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trations  of  2 - 3 x 10  cm  . Only  a slight  concentration-dependence 
of  the  diffusion  in  MBE  GaAs  is  noted,  in  contrast  to  the  square-law 
dependence  of  the  diffusion  coefficient  for  implanted  Be  concentrations. 
The  hole  mobilities  observed  for  Be-doped  MBE  GaAs  compare 

exceptionally  well  with  those  found  experimentally  for  GaAs  grown  by 

2 

other  techniques.  The  mobilities  range  from  75-85  cm  /V-sec  for 

19  -3  2 

acceptor  concentrations  of  2 - 3 x 10  cm  to  ~ 200  cm  /V-sec  for 

17  -3 

concentrations  of  ~ 5 x 10  cm 

Be  implants  into  undoped  MBE  layers  show  annealing  behavior 
identical  to  that  for  VPE  material,  indicating  the  diffusion  effects 
reported  here  for  Be-implanted  GaAs  are  not  substrate-dependent.  The 
implantation  of  He  in  heavily  Be-doped  MBE  GaAs  layers  to  create  lattice 
damage  has  no  substantial  effect  on  the  Be  diffusion  in  a subsequent 
anneal.  This  suggests  the  diffusion  of  Be,  whether  introduced  during 
crystal  growth  by  MBE  or  implanted,  is  not  a simple  damage -dependent 
phenomenon.  However,  a comparison  between  the  diffusion  of  implanted 
Be  and  the  diffusion  in  He-damaged  Be-doped  MBE  layers  may  not  be 
definitive,  since  it  is  not  known  whether  the  damage  resulting  from  He 
implants  properly  approximates  the  damage  accompanying  Be  implants. 

Ihoto luminescence  (5°K)  measurements  on  unannealed  samples  of 


k 
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heavily  Be-doped  MBE  layers  indicate  the  presence  of  a broad,  low  energy 
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luminescence  peak  in  addition  to  the  usual  band-to-acceptor  luminescence 
at  1.493  eV  associated  with  Be.  The  low  energy  luminescence  peak  was 
observed  at  1.474  eV  in  one  set  of  samples,  and  at  1.463  eV  in  another. 
Both  of  these  luminescence  peaks  correspond  to  energy  levels  too  deep 
to  be  simple  acceptors,  and  are  therefore  presumed  to  be  defect-related. 
Their  intensity  was  found  to  decrease  after  900°C  annealing. 

There  is  evidence  to  suggest  that  not  all  the  Be  is  electrically 
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active  in  MBE  layers  with  Be  doping  levels  above  3 - 4 x 10  cm  . Some 
discrepancies  are  also  observed  between  SIMS  and  electrical  profiles, 
including  deeper  indiffusion  of  net  acceptor  distributions  compared  to 
SIMS  Be  atomic  profiles.  These  discrepancies  may  be  associated  with 
the  unusual  photoluminescence  peaks  observed.  Further  studies  are 
necessary  to  resolve  these  uncertainties. 

The  differences  in  the  annealing  behavior  of  implanted  Be  and 
MBE-grown  Be  in  GaAs  are  not  understood.  The  diffusion  mechanisms  are 
clearly  different  for  the  two  cases,  and  further  work  in  this  area  is 
needed.  However,  the  present  findings  demonstrate  that  high  doping 
levels,  good  mobilities,  and  very  low  diffusion  coefficients  are 
obtainable  with  Be  doping  of  GaAs  by  MBE.  This  relatively  new  tech- 
nology is  therefore  expected  to  find  significant  applications  as  it 
continues  to  develop. 
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03300  90  CONTINUE 

03^00  GO  TO  5 

03500  END 


I 

I 

1 


— 

— 

N 

3 - 

(- 

• 

UJ  - 

z - 

Z H - 

UJ  - 

on 

UJ  c ^ 

>— 1 

l 

f-  - CO 

CJ  CJ 

• 

* 

>-  a 

z - z 

H UJ  — » 

co 

» 

-1  z 

u:  x o 

U CO  — 

h* 

X 

-j  < 

cj  c—  z 

u.  \ • 

z 

CJ 

«* 

- -CJ 

UJ  C\l  VO 

UJ 

w 

►h  o 

» - *— i 

o * u. 

X 

• 

t- 

X Z X 

CJ  * - 

UJ 

Z 

c-  O 

- X X 

a: 

X 

x o 

- 1— • * 

« »cj  in 

O 

IP 

1— 1 ►— 1 

- s-  - 

XX  — - 

z 

•* 

f- 

3 «C  X 

'CO'-  JT 

HH 

• 

z «e 

«s  z a- 

-I-  — • 

< z 

- 

- -X  o 

u. 

CO 

(— 

S-  z - 

x - on  «— 

o 

z 

u.  z 

H UJ  ^ 

t-  J~  -UJ 

o 

O uj 

z u co 

3 •«  - - 

cc 

ac 

cj 

►1  z z 

HH  - X 

UJ 

CJ 

UJ  z 

- o o 

3 -co  =r 

co 

3 o 

-CJ  z 

- x z - 

X 

X 

►H  CJ 

X u 

-O'  o a- 

3 

>-* 

X— \ 

u. 

3-  - »-H 

x -z  • 

z 

o o 

o a 

\ \ X 

'■O  - CJ  c— 

• 

• 

• • 

z z 

\ • w 

-Z  >-H  U. 

•* 

N 

o o 

a.  «e 

- UJ  - 

- o x - 

X 

• 

VO  VO 

CO  X “ 

Q •— i — • X 

CO 

Z 

* * 

Z 3 

Z »-l  X 

UJ  fr-  - UP 

•» 

O 

(-  t- 

O 

UJ  t—  *3  *'— * 

Z C - - 

• 

>— H 

* * 

*-<  X 

( 

UJ  Z X 3- 

H* 

3 a 

CO  t- 

f 1 . •»  — 

(-*  t-  on  . 

c o 

c 

N-J 

3 a 

X X CO 

Z Z -C- 

z 

or 

H 8- 

U-  *“H 

mui 

UJ  UJ  - U. 

o 

8—* 

QC  QC 

Cl.  3 

z - t f— 

CJ  CJ  ^ - 

ac 

Z 

o cr 

►-H 

< - * 3 

- Z CO  X 

CJ 

UJ 

co  co 

C Ll. 

z z « z 

-O  Z O' 

CJ 

N \ 

o 

O X 1-1 

X CJ  o - 

X 

z 

o o 

UJ 

{-  >-•  O X 

O'  Z 3- 

s— / 

o 

• • 

X z 

3 CO  w — ' 

--  CJ  • 

CJ 

=r 

CM  <\J 

CM  *-> 

KS-O 

z 3 - - 

- >.  t-H  o 

UJ 

— 

i 

\ 'v 

U.  ^ =t 

«C  t-H 

z u.  - « 

3 - X <- 

M 

•» 

UJ 

cc  X • 

UJ  CO  f-i 

M U X X 

hCUJ^UJ 

►— ♦ 

X 

o 

X X 

Ul^O 

CO  Ul  3 

i-t  m m 

-H-.  X - - 

CO 

■=3* 

• 

X X ^ 

^ + u *- 

\ t— 

CQ 

cn 

/—s 

>- 

a \ 

• 

8- 

o 

8-  ^ 

- X 

• 

«— 

1 »- 

IM-ZUI 

3 3 

>-H 

o 

-J 

- - 

• 

- 

- 

HhXIM 

h- 

- 

* 

o 

O U U.  u o - 

co  z 

a: 

X 

IP 

a- 

8- 

o 

3 Z - 

ON  \ 

z 

X 

• 

• QC 

as  oz  cj  x 

X X 

8- 

f- 

T— 

a. 

-Z 

CJ 

• 

• 

H-f  - 

UJ  z 

H* 

oc 

CM 

CM  UJ 

UJ  UJ  -*3* 

>-H  o 

co 

Q- 

W 

3 

X UJ 

Ul 

3 

ac 

- X 

- - 

X - 

CL 

1 

\ « 

a,  ^ 

••  CJ 

►-H 

UJ 

CJ 

CO  M3  t-H 

CO 

• 

• 

-vO 

UJ  UJ 

UJ 

^r 

CT  — 

CM  * UJ  =T 

CO 

a 

a 

z 

-CJ 

ac 

OX  - 

m co 

ac  r^j 

a 

f— 

f— 

l 

1 O 

0 0-0  • 

X X 

o 

- 

- 1— t 

CM 

m - 

I UJ 

CJ  *-< 

1 

1 

UJ 

UJ  QC 

a:  * r- 

co  «s 

ac 

8- 

CJ 

N 

x u. 

* 

O 

-z 

* 8—* 

z CO 

/-x  ^ 

X 

X 

o 

O < 

<C  IP  ^ u* 

-z 

•< 

«< 

• 

(—  u- 

* 

«* 

O 

-0*3 

HH 

KH  O 

V-^ 

w 

• 

• 

^ — 

a-  o 

-J 

z 

X 

a ui 

X 

o 

U-  m 

— t— i 

X Z 

1 o 

• vO  1 

« — 

* 

41 

r— 

U- 

U-  O C^-  X 

U.  o 

3 

a 

o UJ 

V— 

•t  O 

CJ 

<M 

CP 

• 

- CO 

CJ  l-H 

- CP 

u.  -- 

II 

UJ  UJ  m 

* cn 

CC  II  ««— 

UJ 

• z 

a 

UJ 

hh  r) 

o 

W 

3 cj 

on 

— - 3 

VH  X 

o 

on 

M 

CSJ  3 3 UJ 

uj  ^ on  w 

3 

UP 

u.  z 

z 

ac 

co  z 

r— 

8-* 

- - 

- 

8- 

8- 

f-  Uu 

- w 

8-  8— 

f-  ^ t- 

hH 

b-t 

X 

X X ^ 8- 

z 

3 

U) 

z >-* 

<C 

- - 

• 

a. 

< 

UJ 

•<  U 

•*  • 

c a- 

< u < 

r— 

c 

CO 

CO 

II 

II 

w UJ  < 

1— » 

O 

S—  CO 

t- 

8- 

UJ  (-  UJ 

X X X 

X 

UJ 

X 

t- 

X t-< 

x • 

UJ 

X UJ 

X t-  X 

+ 

ON 

— # 

II 

•— 

CM  3 

3 <J  h I h 

CJ  >-i 

CJ 

Z 

X z z 

a=  vo  a>  m cj 

QC 

>—♦ 

Z Q 

m x 

a. 

a:  cj 

Z t-t  z 

z 

II 

Z O O 3 

jzho; 

z 

3 

UJ  X 

UJ 

UJ 

*— 4 o 

x o 

• r- 

•• 

CJ 

O z 

O - 

\ CM 

O cj 

O Z o 

II 

o 

X 

UJ 

CC 

QC  «C 

«c  O Z o o 

O z 

z s- 

a; 

CJ 

Q CJ  (->  U 

c 

U 3 

u. 

8— • Lz-  <C 

U 3 U. 

X 3 

X 

o 

< 

< CJ 

(J  CJ  3 U. 

CJ 

o 

UJ 

t— 

r-  f— 

Ipt 

o 

o 

o 

o 

o 

o 

o o 

CJ  U O CJ  CJ 

•— 

CM 

on 

IP 

VO 

0-  o 

o 

o 

o 

o o o o o 

o o 

o 

o 

o 

o o 

o a o o 

o 

o 

o 

o o 

o o 

o 

o o 

o o o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

a o up  o o 

o o 

3 

o 

o 

o o 

o o 

o o 

o 

o 

o 

o o o 

O 

o 

O O O 3-  CO 

CM  vO 

o 

o 

o 

o 

O 

f— 

CM 

on 

3^  up  UP  vO  P-  00  O' 

o 

r— 

CM 

on  sr 

IP  VO 

c—  co 

o 

cm  on 

IP  vC 

h-OO  O'CT'P 

o 

a 

«— 

CM 

on 

rr 

UP 

o 

o 

o 

o o o o o 

a o 

r— 

r— 

r—  r— 

•— 

r— 

CM  CM 

CM  CM 

CM  CM  CM 

CM  CM 

CM  CM  CM 

on 

on  on  on 

on 

on  on 

o 

o 

o 

O O o O o 

3 O 

o 

o 

o 

o o 

o o 

o o 

o 

O 

o 

O O 

O 

o 

o 

o o 

o o c 

o 

o 

o 

o 

t— > 

3 

O 

3_ b. 


William  Victor  Mcl.evlge  was  bon\  on  July  1,  1952  In  Rockford, 
Illinois.  Since  September  1970  he  has  been  attending  the  University  of 
Illinois  at  Urbana-Champalgn.  He  received  a Bachelor  of  Science  In 
Electrical  Engineering  with  highest  honors  In  May  1974.  While  working 
towards  the  Master  of  Science  degree  In  Electrical  Engineering,  which 
was  received  In  May  1975,  he  held  a University  Fellowship.  Mr.  Mcl.evlge 
Is  a member  of  the  Institute  of  Electrical  and  Electronics  Engineers. 





